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(5)  INTRODUCTION:  Nature  of  the  Problem,  Background,  Purpose  and  Scope  of 

the  Research 

These  studies  are  aimed  at  elucidating  why  breast  cancer  cells  become  resistant 
to  antiestrogen  treatment.  Antiestrogens  are  used  widely  in  the  treatment  of  breast 
cancer,  but  development  of  resistance  and  patient  relapse  is  a  significant  problem.  The 
antiestrogen  tamoxifen  is  the  most  widely  prescribed  drug  for  breast  cancer  treatment 
and  it  is  usually  considered  the  treatment  of  choice  for  the  endocrine  therapy  of  breast 
cancer  because  of  its  effectiveness,  ease  of  use,  and  minimal  side  effects.  It  also  appears 
to  be  of  benefit  in  preventing  the  development  of  breast  cancer  in  women  at  high  risk 
for  the  disease,  a  very  exciting  recent  finding  in  the  major  NCI-funded  tamoxifen  breast 
cancer  prevention  clinical  trial  (refs.  1-8;  see  Reference  list  on  pages  22-25).  Although 
almost  one-half  of  breast  cancer  patients  benefit  substantially  from  treatment  with 
tamoxifen,  many  of  these  women  eventually  suffer  relapse  because  some  of  the  breast 
cancer  cells  have  become  resistant  to  tamoxifen.  This  resistance  to  tamoxifen  presents  a 
major  impediment  to  the  long-term  effectiveness  of  such  treatments  (refs.  9-17). 

Our  research  is  aimed  at  understanding  and  elucidating  why  breast  cancer  cells 
become  resistant  to  antiestrogen  treatment.  In  these  studies  we  have  used  several 
model  human  breast  cancer  cell  systems  that  differ  in  their  sensitivity  and  resistance  to 
tamoxifen,  and  we  have  investigated  a  novel  mechanism  and  hypothesis  that  may  • 
explain  antiestrogen  resistance,  namely  the  stimulation  of  adenylate  cyclase  by 
antiestrogens  with  increases  in  intracellular  cAMP,  augmentation  of  antiestrogen 
agonist  character,  and  reduced  effectiveness  of  antiestrogens  as  estrogen  antagonists. 
Clinical  experience  has  shown  that  hormonal  resistance  is  often  reversible,  suggesting  a 
cellular  adaptation  mechanism,  rather  than  a  genetic  alteration  in  many  breast  cancers. 
This  also  seems  to  be  the  case  in  the  tamoxifen-resistant  human  breast  cancer  cells 
(denoted  MCF/TOT)  we  have  developed  (M.  Herman  and  B.  Katzenellenbogen, 
Publication  #11;  see  Publication  list  on  pages  16  to  20),  and  which  are  described  in  the 
section  below  entitled  "Body".  For  example,  patients  that  become  resistant  to  tamoxifen 
often  respond  immediately  to  treatments  with  high  dose  estrogen  or  return  to  a  state  of 
tamoxifen  responsiveness  after  a  period  of  alternative  therapy  (refs.  18-20).  Therefore, 
any  mechanism  that  would  explain  tamoxifen  resistance  in  these  patients  would  have 
to  involve  mechanisms  that  would  be  reversible  or  adaptational,  in  contrast  to  other 
mechanisms  for  tamoxifen  resistance  that  might  involve  mutations  in  the  estrogen 
receptor  or  other  critical  transcription  factor  or  growth  factor  genes.  Therefore,  we 
have  been  further  investigating  our  observations  regarding  a  two-way  link  between 
estrogen  receptors  and  cAMP  which  would  be  consistent  with  a  reversible  and 
adaptational  mechanism  of  antiestrogen  resistance.  Our  observations  that  estrogens  as 
well  as  antiestrogens  are  able  to  increase  cAMP  in  breast  cancer  cells,  and  that  cAMP 
increases  the  stimulatory  effects  of  tamoxifen-like  antiestrogens,  could  result  in  a  feed¬ 
forward  cascade  that  could  result  in  the  total  compromising  of  the  tumor  growth 
suppressing  activities  of  antiestrogens. 
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It  is  noteworthy  that  cAMP  levels  are  significantly  higher  in  breast  tumors  than 
in  normal  breast  tissue  (refs.  21,  22)  and  that  elevated  concentrations  of  cAMP  binding 
proteins  are  associated  with  early  disease  recurrence  and  poor  survival  rates  (refs.  23- 
25).  Interestingly,  as  well,  cAMP  is  both  a  mitogenic  and  a  morphogenic  factor  in 
mammary  cells  (refs.  26-30)  and  it  has  been  shown  to  enhance  the  mitogenic  activity  of 
several  growth  factors  (as  discussed  in  Fujimoto  and  Katzenellenbogen,  Publication  #1, 
and  Herman  and  Katzenellenbogen,  Publication  #11  and  references  therein).  Therefore, 
our  overall  goal  in  these  studies  has  been  to  develop  an  understanding  of  the  basis  for 
the  development  of  tamoxifen  resistance  in  breast  cancer.  Understanding  the  basis  for 
the  development  of  tamoxifen  resistance  would  be  an  important  first  step  in  developing 
more  effective  strategies  for  the  successful  long-term  treatment  of  hormone-responsive 
breast  cancer.  In  addition,  this  research  should  allow  us  to  develop  more  effective 
therapies  for  antiestrogen-sensitive  and  antiestrogen-resistant  breast  cancers  and 
should  enable  the  use  of  antiestrogens  to  be  approached  most  sensibly  and  effectively 
in  the  clinic. 

(6)  BODY:  Experimental  Methods  Used,  Results  Obtained  and  the  Relationship  of  Our 
Results  to  the  Goals  of  the  Research 

Studies  on  cAMP  and  Estrogen  Receptor  Actions  in  Tamoxifen  Responsive  and 
Resistant  Breast  Cancer  Cells  (Statement  of  Work  Task  1) 

We  completed  and  published  our  studies  showing  that  cAMP  alters  the 
agonist/antagonist  balance  of  tamoxifen-like  antiestrogens  and  documented  that  this 
occurs  in  a  promoter  specific  fashion  (Publication  #1,  Fujimoto  and  Katzenellenbogen). 
In  these  studies,  we  have  examined  the  effects  of  cAMP  on  the  transcriptional  activity 
of  antiestrogens  and  estrogen  (estradiol,  E2)  in  MCF-7  hormone  responsive  breast 
cancer  cells,  using  several  estrogen-responsive  gene  constructs.  We  have  shown  that 
increasing  intracellular  cAMP  concentrations  by  treatment  of  MCF-7  human  breast 
cancer  cells  with  isobutyl  methylxanthine  (IBMX)  plus  cholera  toxin  or  by  enhancing 
intracellular  protein  kinase  A  activity  by  transfection  of  PKA  catalytic  subunits, 
stimulates  the  agonistic  activity  of  the  antiestrogens,  tamoxifen,  LY117018  and 
nafoxidine  (Publication  #1,  see  Appendix  Reprints)  on  several  estrogen  responsive 
genes.  In  contrast,  increasing  intracellular  cAMP  levels  or  protein  kinase  A  activity 
does  not  increase  transcriptional  stimulation  by  the  more  pure  steriodal  antiestrogen 
ICI  164,384.  In  addition,  increasing  intracellular  cAMP  in  the  breast  cancer  cells 
markedly  reduced  the  ability  of  the  tamoxifen-like  antiestrogens  to  suppress  estrogen 
stimulated  activity  (Figs.  1,  2  and  4  of  Publication  #1).  Therefore,  cAMP  increased  the 
agonist  activity  of  tamoxifen-like  but  not  ICI  164,384-like  antiestrogens  and  also 
reduced  the  estrogen  suppressing  activity  of  the  tamoxifen-like  antiestrogens.  Our 
observations  (Publication  #1  and  also  Publication  #12)  indicate  that  stimulation  of  the 
protein  kinase  A  signal  transduction  pathway  can  change  the  interpretation  of  the 
character  of  the  antiestrogen  ligand,  changing  it  from  an  estrogen  antagonist  to  a 
partial,  but  significant,  agonist.  This  stimulation  of  the  protein  kinase  A  signaling 
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phosphodiesterase  (PDE)  activity  (Publication  #2).  The  effect  of  estrogen  and 
antiestrogens  on  adenylate  cyclase  and  PDE  activity  was  assessed  in  cell  membranes 
isolated  from  MCF-7  cells  after  hormone  treatment.  The  membrane  fractions  were 
combined  with  32p_a-ATP  to  monitor  cAMP  production;  and  harvested  cells  were 
homogenized  and  extracts  monitored  for  PDE  activity.  Treatment  of  cells  with  CT 
(lpg/ml)  evoked  a  ca.  three-fold  increase  in  adenylate  cyclase  activity  within  20  min, 
while  treatment  with  E2  or  the  antiestrogens  TOT  and  ICI  resulted  in  increases  that 
were  half  as  great.  The  effects  of  E2,  CT  and  ICI  were  not  additive.  By  contrast,  E2, 
TOT  or  ICI  did  not  alter  PDE  activity.  These  increases  in  cAMP  result  from  enhanced 
membrane  adenylate  cyclase  activity,  by  a  mechanism  that  does  not  involve  genomic 
actions  of  the  hormones  (i.e.,  is  not  blocked  by  inhibitors  of  RNA  and  protein 
synthesis).  In  addition,  we  find  that  estradiol  and  antiestrogens  are  able  to  stimulate 
adenylate  cyclase  in  isolated  membrane  preparations  from  MCF-7  cells,  indicating  that 
these  agents  can  act  directly  on  the  adenylate  cyclase  system  in  the  membrane.  These 
findings  clearly  imply  a  site  of  estrogen  and  antiestrogen  action  in  the  membrane. 

Since  we  have  shown  that  estrogens  and  antiestrogens  increase  cAMP  within 
breast  cancer  cells,  and  cAMP  alters  the  agonist/antagonist  balance  of  antiestrogens, 
the  increase  in  cAMP  may  result  in  a  reduction  in  the  tumor  growth-suppressing 
activities  of  tamoxifen-like  antiestrogens,  a  change  that  may  underlie  the  development 
of  tamoxifen  resistance  in  some  breast  cancer  patients.  To  examine  this  hypothesis  in 
detail,  we  isolated  and  characterized  estrogen  growth-autonomous  breast  cancer  cell 
sublines  (Publication  #3,  Herman  and  Katzenellenbogen)  and  antiestrogen-resistant 
MCF-7  human  breast  cancer  sublines  that  we  have  selected  and  cloned,  and  we  have 
determined  their  responses  to  antiestrogens  and  cAMP  in  terms  of  cell  proliferation  and 
growth  factor  production,  and  the  responses  of  other  genes  normally  estrogen- 
regulated,  such  as  pS2  and  progesterone  receptor  (Publication  #3,  Herman  and 
Katzenellenbogen;  Publications  #4  and  #7,  Nicholson  et  al;  Publication  #6,  Ince  et  al.; 
and  Publication  #5,  Katzenellenbogen  et  al.).  These  studies  directly  address  the 
Statement  of  Work  Task  1,  points  A,  B,  C  and  D. 

In  Publications  #3,  #4  and  #7,  we  observed  alterations  in  transforming  growth 
factor  a  and  (3  production  and  cell  responsiveness  during  the  progression  of  MCF-7 
human  breast  cancer  cells  to  estrogen-autonomous  growth.  We  experimentally 
induced  this  progression  from  a  steroid-regulated  to  a  steroid-autonomous  state,  by 
long-term  culture  in  the  absence  of  steroids.  These  long-term  steroid  deprived  cells, 
were  initially  slowed  in  their  growth  in  response  to  steroid  deprivation,  but  after 
several  months,  showed  rapid,  steroid-independent  growth  rates.  Our  findings 
documented  a  marked  (ca.  80%)  transient  decrease  in  TGFoc  mRNA  and  protein 
production  and  a  marked  and  transient  increase  (3-10-fold)  increase  in  TGF|31,  [32,  and 
[33  mRNA's  and  bioactive  TGF-|3  proteins  at  two  to  10  weeks  of  steroid  deprivation 
which  then  returned  by  24  weeks  to  the  lower  levels  of  the  parental  MCF-  7  cells.  Of 
note,  these  cells  showed  a  loss  of  regulation  of  proliferation  by  TGF-a  and  a  10-fold 
decrease  in  sensitivity  to  the  growth-suppressive  effects  of  TGF(3l,  despite  little  change 
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in  receptor  levels  for  these  factors.  The  marked  transient  alterations  in  the  levels  of 
these  growth  factors  indicate  that  they  may  play  a  role  in  the  events  which  accompany 
the  progression  from  estrogen-responsive  to  estrogen-autonomous  growth  in  breast 
cancer  cells. 

To  characterize  the  properties  of  tamoxifen-resistant  breast  cancer  cells,  we 
cultured  MCF-7  breast  cancer  cells  long-term  (longer  than  1  year)  in  the  presence  of  the 
antiestrogen  trans-hydroxy-tamoxifen  (TOT)  to  generate  a  subline  refractory  to  the 
growth-suppressive  effects  of  TOT.  This  subline  (designated  MCF/TOT)  showed 
growth  stimulation,  rather  than  inhibition,  with  TOT  and  diminished  growth 
stimulation  with  estradiol  (),  yet  remained  as  sensitive  as  the  parental  cells  to  growth 
suppression  by  another  antiestrogen,  ICI  164,384  (Publication  #11,  Herman  and 
Katzenellenbogen).  Estrogen  receptor  (ER)  levels  were  maintained  at  40%  that  in 
parent  MCF-7  cells,  but  MCF/TOT  cells  failed  to  show  an  increase  in  progesterone 
receptor  content  in  response  to  E2  or  TOT  treatment.  In  contrast,  the  MCF/TOT  subline 
behaved  like  parental  cells  in  terms  of  E2  and  TOT  regulation  of  ER  and  pS2  expression 
and  transactivation  of  a  transiently  transfected  estrogen-responsive  gene  construct. 
DNA  sequencing  of  the  hormone  binding  domain  of  the  ER  from  both  MCF-7  and 
MCF/TOT  cells  confirmed  the  presence  of  wild-type  ER  and  exon  5  and  exon  7 
deletion  splice  variants,  but  showed  no  point  mutations.  Compared  to  the  parental 
cells,  the  MCF/TOT  subline  showed  reduced  sensitivity  to  the  growth-suppressive 
effects  of  retinoic  acid  and  complete  resistance  to  exogenous  TGF-pi. 

The  altered  growth  responsiveness  of  MCF/TOT  cells  to  TOT  and  TGF-pi  was 
partially  to  fully  reversible  following  TOT  withdrawal  for  16  weeks.  Our  findings 
underscore  the  fact  that  antiestrogen  resistance  is  response-specific;  that  loss  of  growth 
suppression  by  TOT  appears  to  be  due  to  the  acquisition  of  weak  growth  stimulation; 
and  that  resistance  to  TOT  does  not  mean  global  resistance  to  other  more  pure 
antiestrogens  such  as  ICI  164,384,  implying  that  these  antiestrogens  must  act  by 
somewhat  different  mechanisms.  The  association  of  reduced  retinoic  acid 
responsiveness  and  insensitivity  to  exogenous  TGF-fl  with  antiestrogen  growth- 
resistance  in  these  cells  supports  the  increasing  evidence  for  interrelationships  among 
cell  regulatory  pathways  utilized  by  these  three  growth-suppressive  agents  in  breast 
cancer  cells.  Since  these  MCF/TOT  cells,  resistant  to  the  growth  suppressive  effects  of 
antiestrogens  or  TGF-p  continue  to  express  TGF-p  type  I  and  II  receptors  of  the  correct 
size  and  in  amounts  equal  to  those  observed  in  the  parental  cells,  their  lack  of  inhibition 
by  the  high  levels  of  TGF-pl  either  being  made  by  the  cells  or  added  by  us  to  their 
culture  media  suggest  a  lesion  after  receptor  binding,  i.e.  at  some  point  in  the  TGF-P 
intracellular  signaling  pathway.  In  addition,  our  findings  indicate  that  one  mechanism 
of  antiestrogen  resistance,  as  seen  in  MCF/TOT  cells,  may  involve  alterations  in  growth 
factor  and  other  hormonal  pathways  that  affect  the  ER  response  pathway  (Publications 
#8  and  #11). 


Page  9 


Katzenellenbogen,  Benita  S. 
DAMD1 7-94- J-4205 
Final  Report 
June  4, 1999 


We  have  also  used  several  MCF-7  cell  clones  with  altered  antiestrogen  sensitivity 
to  investigate  the  response  to  cAMP  and  antiestrogen  as  monitored  by  proliferation 
rates,  colony  formation  ability  and  changes  in  regulation  of  several  growth-related 
genes  (TGF-|3,  TGF-a,  pS2,  and  TGF-a/EGF  receptor),  (Publications  #3,  #4,  #7,  and 
#11).  In  addition,  we  have  studied  the  regulation  of  the  progesterone  receptor  in 
tamoxifen-  and  estrogen-sensitive  and  tamoxifen-  and  estrogen-resistant  breast  cancer 
cells,  since  the  progesterone  receptor  is  often  used  as  an  end-point  or  marker  of 
hormone  sensitivity  and  responsiveness.  By  monitoring  progesterone  receptor  content 
in  the  cells,  using  several  different  progesterone  receptor-specific  antibodies,  we  have 
observed  that  the  progesterone  receptor  B/A  ratio  is  higher  with  trans- 
hydroxytamoxifen  versus  estrogen  treatment  of  cells  (a  variety  of  different  estrogens 
were  tested)  and  progesterone  receptors  were  further  increased  by  treatment  of  cells 
with  8-Br-cAMP  and  trans-hydroxytamoxifen. 

Factors  Important  in  Regulation  of  cAMP  Levels  in  Antiestrogen  Responsive  and 
Resistant  Cells  (Statement  of  Work  Task  2) 

We  have  monitored  basal  and  stimulated  levels  of  cAMP  in  parental  MCF-7  cells 
and  in  our  MCF/TOT  (tamoxifen  stimulated)  MCF-7  cells  and  in  estrogen  receptor 
negative  MDA-MB-231  breast  cancer  cells  which  are  unresponsive  to  estrogen  and 
antiestrogen.  We  have  found  that  the  antiestrogen-stimulated  MCF-7  cells  and  the 
antiestrogen-unresponsive  231  cells  showed  3-5  times  higher  intracellular  cAMP  levels 
than  were  observed  in  the  parental  MCF-7  cells.  We  observed  no  stimulation  of  cAMP 
levels  by  estrogen  or  antiestrogen  treatment  of  231  cells,  while  we  observed  only  a  1.5- 
fold  change  in  cAMP  in  the  MCF/TOT  cells  and  we  observed  a  3-4  fold  increase  in 
cAMP  in  the  parental  MCF-7  cells.  Thus,  hormone  resistant  and  antiestrogen 
stimulated  cells  interestingly  had  elevated  basal  levels  of  cAMP,  an  observation  we  also 
made  in  breast  cancer  cells  studied  under  Task  2,  that  were  kindly  provided  by  Dr. 
Fran  Kern  of  the  Lombardi  Cancer  Research  Center  at  Georgetown  University  in 
Washington  D.  C. 

Under  Task  2,  we  have  worked  towards  the  identification  of  endogenous  and 
exogenous  agents  and  factors  that  result  in  elevation  of  cAMP  levels  in  breast  cancer 
cells.  We  have  investigated  the  correlation  between  antiestrogen  growth 
responsiveness /resistance  and  cellular  cAMP  levels  and  adenylate  cyclase  activities. 
Using  5  breast  cancer  cells  lines  (MCF-7  wild  type  versus  MCF-7  tamoxifen  stimulated, 
and  3  MCF-7  cell  lines  that  are  resistant  to  antiestrogen  (MCF-7-v-Fla-ras,  MCF-7-FGF1 
and  MCF-7-FGF4,  which  stably  overexpress  ras,  FGF-1,  or  FGF-4,  respectively,  kindly 
provided  to  us  by  Dr.  Fran  Kern,  we  have  observed  that  the  overexpressing  ras  and 
FGF  cells  show  basal  cAMP  levels  2.5-3.5  x  higher  than  wild  type  MCF-7  cells.  Values 
obtained  were  as  follows  (mean  ±  S.  D. :  wild  type  MCF-7  cells,  35  ±  10;  MCF-7  ras,  121 
±  9;  MCF-7  FGF-1,  86  ±  2;  MCF-7  FGF-4,  103  ±  9.  Interestingly,  these  latter  three  cell 
types,  which  proliferate  rapidly  and  do  not  have  their  rate  of  proliferation  influenced 
by  estrogen  or  antiestrogen,  likewise  did  not  have  their  intracellular  cAMP  levels 
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influenced  by  estrogen  or  antiestrogen  treatment.  Thus,  elevated  levels  of  cellular 
cAMP  appear  to  correlate  with  altered  growth  responsiveness/resistance  and  with  an 
estrogen  and  antiestrogen  growth-autonomous  state. 

We  also  asked  whether  estradiol  would  affect  intracellular  cAMP  in  human 
endometrial  cancer  Ishikawa  cells.  These  cells  contain  estrogen  receptor  and  were  of 
interest  because  tamoxifen  is  known  to  be  quite  agonistic  (i.e.  stimulatory)  in 
endometrial  cells,  and  in  fact,  a  major  concern  in  the  Tamoxifen  Prevention  Trial  in 
women  has  involved  stimulation  of  the  uterus  by  tamoxifen.  We  observed  in  these 
cells,  basal  and  estrogen-stimulated  and  isobutyl  methyl  xanthine  (IBMX) /cholera 
toxin-stimulated  levels  of  cAMP  similar  in  magnitude  to  those  observed  in  the  MCF-7 
wild  type  breast  cancer  cells,  namely  an  approximately  20-fold  increase  in  response  to 
IBMX  and  cholera  toxin  and  an  approximately  3-6  fold  increase  in  response  to  estradiol. 
Thus,  these  uterine  cells  did  not  show  a  response  to  estrogen  or  to  tamoxifen 
substantially  different  in  magnitude  from  that  observed  with  MCF-7  breast  cancer  cells. 

Since  antiestrogens  such  as  tamoxifen  can  have  partial  estrogen-like  activity  in 
some  cell  types,  and  studies  have  implied  that  this  stimulation  is  dependent  on  the 
amino-terminal  activation  function-l-containing  region  of  the  receptor,  we  studied  this 
region  of  the  receptor  in  detail  (Mclnerney  and  Katzenellenbogen,  Publication  #13).  In 
our  investigations  on  the  A/B  domain  of  the  estrogen  receptor  and  its  role  in  the 
transcriptional  activity  of  the  estrogen  receptor  elicited  by  estrogens  and  some 
antiestrogens,  we  have  found  that  different  regions  within  this  domain  are  required  for 
transcriptional  stimulation  by  estrogen  versus  antiestrogen.  We  demonstrated  that  a 
specific  24-amino  acid  region  of  activation  function-1  of  the  human  estrogen  receptor  is 
necessary  for  agonism  by  trans-hydroxytamoxifen  and  other  partial  agonist/ antagonist 
antiestrogens,  but  is  not  required  for  estradiol-dependent  transactivation.  As  a 
consequence,  the  activity  of  estradiol  and  the  estrogen  agonist/ antagonist  character  of 
trans-hydroxytamoxifen  depended  markedly,  but  not  always  concordantly,  on  the 
sequences  present  within  the  A/B  domain  in  the  receptor.  Our  studies  show  that 
hormone-dependent  transcription  utilizes  a  broad  range  of  sequences  within  the  amino 
terminal  A/B  domain  and  suggest  that  differences  in  the  agonist/antagonist  character 
of  antiestrogens  observed  in  cells  could  be  due  to  altered  levels  of  specific  factors  that 
interact  with  these  regions  of  the  receptor  protein.  In  related  work,  we  have 
demonstrated  that  a  specific  cis  element  from  the  promoter  of  an  estrogen-responsive 
gene  can  alter  the  transcriptional  activity  of  hormone  and  antihormone-occupied 
receptor  bound  at  its  response  element  near  the  promoter.  Such  ligand  response 
modulatory  elements,  and  changes  in  the  levels  and  activity  of  factors  that  bind  to  such 
elements,  may  underlie  the  different  sensitivities  of  steroid  hormone-regulated  genes  to 
both  hormones  and  antihormones  (Publication  #16). 

During  our  work,  a  publication  appeared  in  which  a  group  of  Italian  researchers 
reported  that  sex  steroid  binding  globulin  (SSBG)  was  necessary  in  the  stimulation  of 
cAMP  by  estrogen  in  breast  cancer  cells  (ref.  31).  Because  we  felt  it  was  essential  for  us 
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to  determine  if  this  was  important  in  our  work  related  to  Task  lc  and  Id  and  Task  3,  we 
purchased  SSBG  from  two  different  sources,  namely  Calbiochem  and  Scripps 
Laboratories,  both  SSBG  preparations  in  highly  purified  form.  We  followed  the  Fissore 
protocol  as  closely  as  possible  and  also  did  several  variations.  Thus,  we  utilized  InM 
and  3nM  SSBG  concentrations  with  cells  in  serum-free  medium,  and  in  0.5%  and  5% 
serum,  and  with  cells  in  serum-free  medium  containing  insulin,  transferin  and 
selenium.  We  also  tested  several  different  concentrations  of  estradiol,  namely  10'8, 10"9 
and  10'10  M.  In  no  case,  did  we  observe  a  stimulatory  (nor  a  suppressive)  effect  of 
SSBG  on  the  cAMP  response  to  hormone.  Thus,  despite  several  months  of  experiments, 
we  were  not  able  to  confirm  that  sex  steroid  binding  globulin  was  necessary  for  the 
stimulation  of  cAMP  by  hormone  in  our  breast  cancer  cells.  We  therefore  have  ruled 
this  out  as  a  likely  important  factor  in  our  studies  in  Tasks  1  and  3. 

Efforts  to  Identify  a  Membrane  Receptor  for  Estrogens  (Statement  of  Work  Task  3) 

Our  initial  idea  under  Task  3  was  to  use  estrogen  radioligands,  including  the 
non-steroidal  affinity  labeling  agent  tamoxifen  aziridine,  to  identify  estrogen  receptors 
in  the  membrane  fraction  of  MCF-7  cells.  These  studies  proved  to  be  difficult,  as  we 
found  it  is  technically  difficult  to  perform  quantitative  binding  studies  on  the  cell 
membrane  fraction;  furthermore,  tamoxifen  aziridine  failed  to  label  any  membrane 
protein  covalently  in  a  specific  fashion  (i.e.,  labeling  that  was  significantly  blocked  by 
pretreatment  with  unlabeled  estrogens). 

The  identification  of  interaction  partners  for  proteins  has  been  revolutionized  by 
the  yeast  2-hybrid  screen.  This  interaction  cloning  method  permits  novel  targets  that 
interact  with  a  bait  protein  (prepared  as  a  fusion  protein  with  a  GAL4  DNA-binding 
domain;  GAL4-DBD)  to  be  identified  in  libraries  of  prey  proteins  (prepared  as  fusion 
proteins  with  a  GAL4  activating  domain;  GAL4-AD).  Interaction  is  scored  by  the 
activation  of  specific  gene  transcription  that  results  when  the  two  fusion  proteins  bind 
and  generate  a  complex  capable  of  activating  transcription.  This  transcription  can  be 
tied  to  a  colorimetric  assay  or  a  survival  screen.  As  powerful  as  the  yeast  2-hybrid 
screen  is  in  identifying  the  interaction  between  two  proteins,  it  is  not  useful,  per  se,  in 
identifying  the  interaction  between  proteins  and  small  molecules. 

Jim  Liu  has  reported  a  novel  extension  of  the  yeast  2-hybrid  screen  that  can  be 
used  to  identify  the  interaction  between  proteins  and  small  molecules;  he  has  named 
this  extension  the  "yeast  3-hybrid  screen"  (ref.  32).  In  this  extended  version  of  the 
interaction  cloning  screen,  the  third  hybrid  or  fusion  component  is  a  heterobivalent 
ligand  that  acts  as  a  chemical  adaptor.  One  end  of  this  "chemical  fusion"  or  hybrid 
species  contains  the  small  molecule  bait;  the  other  end  contains  a  second  small  molecule 
that  has  distinctly  different  binding  properties;  this  latter  ligand  acts  as  a  tether  by 
binding  to  a  ligand  binding  domain  that  is  fused  to  the  GAL4-DBD.  In  Liu’s  version, 
the  tethering  ligand  was  a  glucocorticoid  ligand,  which  was  bound  by  the  ligand 
binding  domain  of  the  glucocorticoid  receptor  (GR-LBD)  fused  to  the  GAL4-DBD.  In 
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his  case,  he  used  an  immunosuppressant  as  bait  and  was  able  to  identify  immunophilin 
clones  that  were  present  in  a  library  of  prey  proteins. 

This  3-hybrid  screen  affords  a  new  approach  to  search  for  novel  estrogen 
receptors,  some  of  which  may  be  in  the  membrane,  through  their  physical  interaction 
with  an  estrogen  ligand.  This  is  a  cloning  method,  but  not  one  that  depends  on 
sequence  homology  or  function,  simply  small  molecule-receptor  interaction.  In  order 
to  undertake  this  3-hybrid  screen  for  novel  estrogen  receptors,  we  decided  to 
synthesize  a  heterobivalent  ligand  in  which  an  estrogen  would  be  chemically  tethered 
to  a  glucocorticoid.  This  chemical  fusion  would  then  be  added  to  a  screen  in  which  a 
library  of  cellular  cDNA,  expressed  as  fusion  proteins  with  a  GAL4-AD,  is  presented  to 
a  GR-LBD /GAL4-DBD  hybrid.  We  would  isolate  clones  that  showed  activity  only  in 
the  presence  of  the  heterobivalent  ligand.  For  this  work,  we  completed  the  preparation 
of  a  cDNA  library  from  MCF-7  human  breast  cancer  cells  fused  to  the  GALA- AD. 

In  work  towards  the  development  of  the  yeast  3-hybrid  screen  to  identify  novel 
estrogen  binding  proteins,  that  we  proposed  for  work  under  Task  3,  we  synthesized 
various  derivatives  of  estrogens  and  glucocorticoids.  These  were  components  to  be 
joined  together  as  the  heterobivalent  ligand  component  needed  in  the  3-hybrid  screen. 
In  the  glucocorticoid  series,  we  examined  derivatives  substituted  at  the  most  accessible 
C(21)  and  C(17a)  hydroxyl  groups  of  cortisol  and  dexamethasone,  and  in  the  estrogens, 
we  examined  derivatives  substituted  at  the  7a,  16a,  and  17a  positions  of  estradiol. 

These  are  sites  at  which  these  ligands  are  generally  considered  to  be  most  tolerant  of 
long-chain  substituents. 

We  were  surprised  by  the  degree  to  which  binding  affinity  of  each  ligand  was 
reduced  by  the  attachment  of  the  type  of  long  chain  substituent  that  would  be  needed 
to  generate  the  heterobivalent  ligand.  Affinities  of  the  parent  ligand  were  reduced  by  a 
factor  of  10-100.  Even  long-chain  derivatives  of  other  non-steroidal  estrogens  showed 
greatly  reduced  binding  affinities.  Because  of  this,  we  decided  that  it  would  not  be 
worthwhile  to  prepare  the  heterobivalent  ligands  themselves  and  to  undertake  the 
yeast  3-hybrid  screen.  So  this  portion  of  the  project  was  not  pursued  further. 

Determination  of  the  Mechanism  by  Which  cAMP  Alters  the  Agonist/Antagonist 
Activity  of  Antiestrogens:  CREB-Estrogen  Receptor  Transcriptional  Synergy  on 
Estrogen  Regulated  Genes  (Statement  of  Work  Task  4) 

We  have  performed  these  studies  under  Task  4.  The  estrogen  receptor  and 
cAMP  signaling  pathways  appear  to  interact  and  one  aspect  of  this  interaction  is  that 
estradiol  and  antiestrogens  like  tamoxifen  and  protein  kinase  A  activators  can 
synergistically  enhance  transcription  of  both  endogenous  genes  and  reporter  genes 
containing  only  estrogen  response  elements.  Site-directed  mutagenesis  of  potential 
protein  kinase  A  phosphorylation  sites  on  the  estrogen  receptor  (S236  and  S302) 
indicated  that  phosphorylation  of  these  sites  was  not  necessary  for  the  transcriptional 
synergy.  Transient  transfection  assays  in  two  different  cell  backgrounds  using  three 
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different  reporters  containing  either  cAMP  response  elements,  estrogen  response 
elements  or  both  types  of  elements  in  the  presence  and  absence  of  cAMP  response 
element  binding  protein  (CREB)  expression  vector  showed  that  CREB  was  involved  in 
this  synergistic  interaction.  The  functional  interaction  of  estrogen  receptor  and  CREB 
on  a  reporter  containing  only  an  estrogen  response  element  was  also  seen  in  a 
mammalian  two-hybrid  system.  We  therefore  propose  that  in  the  transcriptional 
synergy  between  estrogen  receptor  and  CREB,  activated  CREB  can  be  recruited  to  DNA 
by  a  complex  containing  estradiol  bound  estrogen  receptor,  steroid  receptor 
coactivator-1  and  CREB  binding  protein.  This  larger  complex  containing  both  the 
estrogen  receptor  and  CREB  can  be  shown  to  synergistically  enhance  transcription  of 
estrogen  regulated  genes  and  to  alter  the  agonist/ antagonist  balance  and  activity  of 
antiestrogens  (Thomas,  Lazennec  and  Katzenellenbogen,  Publication  #A13  and 
manuscript  in  preparation). 

The  Role  of  Estrogen  Receptor  Phosphorylation  in  Antiestrogen  and  cAMP 
Agonistic  Activity  (Statement  of  Work  Task  4) 

Under  Task  4,  we  have  also  examined  the  role  of  specific  phosphorylation  sites 
in  antiestrogen  and  cAMP  agonistic  activity.  The  estrogen  receptor  contains  two 
potential  cAMP-dependent  protein  kinase  sites  at  serine  236  in  the  DNA  binding 
domain  and  serine  302  at  the  very  start  of  the  hormone  binding  domain.  We  therefore 
have  changed  these  serines  to  alanines  by  site-directed  oligonucleotide  mutagenesis  of 
the  estrogen  receptor  cDNA.  The  change  from  serine  to  alanine  would  thus  eliminate 
the  possibility  of  phosphorylation  at  these  sites.  We  tested  the  response  of  these 
mutants  to  cAMP  and  estrogen  and  antiestrogen  in  order  to  identify  sites  of 
phosphorylation  that  may  be  associated  with  the  alteration  in  tamoxifen  agonist 
character  in  the  presence  of  cAMP  (Publication  #A13  and  manuscript  in  preparation). 
To  our  surprise,  mutation  of  either  of  these  sites,  or  both  of  these  sites  together,  did  not 
prevent  nor  reduce  the  synergism  between  cAMP  and  estrogen.  Thus,  these  sites  do 
not  appear  to  be  involved  in  mediating  the  enhanced  transcriptional  response  when 
both  cyclic  AMP  and  antiestrogen  are  administered.  Likewise,  we  examined  the 
possible  role  of  serine  118  since  this  is  a  MAP  kinase  site  and  there  is  now  evidence  for 
crosstalk  and  interrelationships  between  cAMP  and  MAP  kinase  pathways.  The  S118A 
estrogen  receptor  mutant  was  as  effective  as  the  wild  type  estrogen  receptor  in 
supporting  tamoxifen  agonism  with  cAMP  present. 

In  addition  to  these  three  phosphorylation  sites  on  the  estrogen  receptor,  there 
are  three  additional  calmodulin-dependent  protein  kinase  II  sites  (S154,  S167,  S518),  the 
first  two  sites  being  present  in  the  activation  function-1  region  of  the  estrogen  receptor, 
the  region  that  we  and  others  have  shown  to  be  responsible  for  tamoxifen  agonism,  and 
the  latter  amino  acid  in  the  hormone  binding  domain  of  the  receptor.  We  therefore  also 
examined  if  these  phosphorylation  sites  could  account  for  the  synergy  observed 
between  ligand  and  PKA  activators.  Using  site-directed  mutagenesis,  we  changed 
these  sites  to  alanine,  thereby  eliminating  the  possibility  of  their  phosphorylation.  We 
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observed  that  all  of  these  serine  mutants  were  activated  by  ligand  in  a  very  similar 
manner  to  that  of  the  wild  type  estrogen  receptor,  and  moreover,  these  mutants  showed 
a  synergistic  activation  of  transcription  when  cells  were  treated  with  ligand  and  PKA 
activator,  suggesting  therefore  that  mutation  of  any  one  of  these  phosphorylation  sites 
does  not  result  in  a  loss  of  estrogen  and  protein  kinase  A  transcriptional  synergy.  Thus, 
phosphorylation  at  these  sites  is  not  required  for  the  transcriptional  synergism  elicited 
in  the  presence  of  cAMP. 

Based  on  these  findings,  we  also  investigated  the  possible  role  of  tyrosine  537  as 
a  potentially  important  phosphorylation  site  (Publications  #15  and  #18).  Intriguingly, 
changing  this  tyrosine  to  alanine,  an  amino  acid  not  capable  of  being  phosphorylated 
resulted  in  partial  constitutive  activity  of  the  estrogen  receptor,  and  changing  tyrosine 
to  serine  resulted  in  full  constitutive  activity.  Changing  the  tyrosine  to  several  other 
amino  acids  had  no  effect  on  estrogen  receptor  activity.  Our  findings,  that  changing  the 
tyrosine  to  another  amino  acid  resulted  in  receptors  fully  responsive  to  estrogen  and 
that  several  mutants  show  constitutive  activity,  indicate  that  response  to  estrogen  does 
not  require  phosphorylation  at  this  site  but  that  the  position  of  this  tyrosine,  near  the 
start  of  helix  12  and  the  activation  function-2  region  of  the  receptor,  can  result  in  a 
receptor  conformation  in  which  the  receptor  is  active  even  in  the  absence  of  hormone. 

Based  on  our  findings  with  phosphorylation  site  mutants,  we  also  investigated 
the  role  of  the  steroid  receptor  coactivator  SRC-1  in  the  activity  of  the  estrogen  receptor 
(Publications  #14  and  #19).  Since  we  found  that  SRC-1  markedly  enhances  the  activity 
of  the  estrogen  receptor  and  the  functional  interaction  between  the  N-  and  C-  terminal 
regions  of  the  receptor,  it  is  possible  that  the  transcriptional  synergism  between  cAMP 
and  the  ligand  occupied  receptor  may  result  both  from  changes  in  phosphorylation  of 
the  estrogen  receptor  itself  as  well  as  coregulators  such  as  SRC-1  which  are  highly 
phosphorylated  proteins.  Such  coregulators  are  now  well-documented  to  be  involved 
in  enhancing  the  level  of  transcriptional  activity  of  the  estrogen  receptor  (discussed  in 
Publications  #9  and  #10). 

Some  of  these  mechanisms  involved  in  antiestrogen  resistance  were  described  in 
a  review  article  (Publication  #17). 

(7)  KEY  RESEARCH  ACCOMPLISHMENTS 

We  have  shown  that: 

•  Stimulation  of  the  protein  kinase  A  signaling  pathway  activates  the  stimulatory 
activity  of  tamoxifen-like  antiestrogens  and  may  contribute  to  the  development  of 
tamoxifen  resistance. 

•  The  N-terminal  activation  function-1  region  of  the  estrogen  receptor  is  responsible 
for  tamoxifen's  stimulatory  activity. 
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•  Elevated  cAMP  levels  can  compromise  the  growth  suppressive  activities  of 
antiestrogens,  rendering  cells  insensitive  to  these  normally  growth  suppressive 
compounds. 

•  There  is  synergistic  activation  of  transcription  when  breast  cancer  cells  are  treated 
with  hormone  and  protein  kinase  A  activator;  this  synergism  does  not  require  the 
phosphorylation  of  the  two  potential  cAMP-dependent  protein  kinase 
phosphorylation  sites  on  the  estrogen  receptor  but  may  involve  phosphorylation  of 
important  estrogen  receptor  coregulators  such  as  SRC-1. 

•  Breast  cancer  cells  resistant  to  the  growth  inhibitory  effects  of  antiestrogen  (our 
MCF/TOT  cells  or  cells  overexpressing  ras  or  FGF-1  or  FGF-4)  contain  substantially 
elevated  levels  of  intracellular  cAMP. 

•  Estrogens  as  well  as  antiestrogens  and  some  growth  factors  and  oncogenes  increase 
intracellular  cAMP. 

•  Antiestrogen  resistance  is  reversible  upon  the  removal  of  tamoxifen  implying  that 
resistance  is  adaptational  and  not  explained  by  genetic/mutational  alterations  in  the 
cells. 

•  These  investigations  highlight  the  important  role  of  cAMP  modulation  of  estrogen 
and  antiestrogen  action  in  hormonal  resistance,  and  suggest  new  directions  for  more 
effective  implementation  of  antiestrogen  treatments  in  breast  cancer  patients  that 
may  prove  to  be  more  long-term  and  effective. 

(8)  REPORTABLE  OUTCOMES 
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*7.  Nicholson,  R.  I.,  Gee,  J.  M.,  W.,  Manning,  D.  L.,  Wakeling,  A.  E.,  Montano,  M. 

M. ,  and  Katzenellenbogen,  B.  S.  Responses  to  pure  antioestrogens  (ICI  164384, 
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(9)  CONCLUSIONS:  Implications  and  Importance  of  Our  Research  Findings 

The  results  of  our  studies  indicate  that  agents  or  factors  that  elevate  cAMP  in 
breast  cancer  cells  reduce  the  effectiveness  of  tamoxifen-like  antiestrogens  used  in 
hormonal  therapy  of  breast  cancer  and  may  lead  to  antiestrogen  resistance.  In  addition, 
we  find  that  antiestrogens  themselves  can  increase  cAMP  levels,  rendering  the 
antiestrogens  less  potent  antagonists  of  estrogen  action  and  more  potent  stimulators  of 
estrogen-induced  effects,  resulting  in  compromising  of  the  tumor  growth  suppressing 
activities  of  antiestrogens.  Our  observations  in  studies  under  this  grant,  which  indicate 
that  cells  resistant  to  the  growth  suppressive  affects  of  antiestrogen  (including  our 
MCF/TOT  cells  or  cells  overexpressing  ras  or  FGF-1  or  FGF-4)  contain  substantially 
elevated  levels  of  intracellular  cAMP,  are  consistent  with  the  hypothesis  that  elevated 
cAMP  levels  may  compromise  the  growth  suppressive  activities  of  antiestrogens, 
rendering  the  cells  insensitive  to  these  normally  growth  suppressive  compounds. 

In  contrast  to  mechanisms  for  tamoxifen  resistance  that  involve  mutations  in  the 
estrogen  receptor  or  other  critical  growth  regulatory  genes,  which  would  not  be 
reversible,  this  mechanism  involving  a  compromising  of  tamoxifen  effectiveness  as  an 
antiestrogen  in  the  presence  of  elevated  levels  of  intracellular  cAMP,  would  be  a 
progressive,  adaptational  response,  which  would  be  reversible  upon  cessation  of 
tamoxifen  therapy.  Indeed,  our  findings  in  Publication  #8,  and  also  clinical  experience 
support  a  mechanism  of  this  type  in  that  patients  who  become  resistant  to  tamoxifen 
often  return  to  a  state  of  tamoxifen  responsiveness  after  a  period  of  alternate  therapy 
(during  which  time  cAMP  levels  in  tumor  cells  may  drop  such  that  newly  administered 
tamoxifen  would  again  be  effective  as  a  growth  suppressive  agent).  In  addition,  our 
data  could  account  for  the  observation  that  hormonal  resistance  in  model  mammary 
tumor  systems  develops  much  more  slowly  to  ICI  164,384  than  to  tamoxifen  in  that  the 
agonistic  character  of  ICI  164,384  is  not  augmented  by  cAMP.  Therefore,  ICI  164,384- 
like  antiestrogens  may  prove  to  be  more  long-term  effective  antiestrogens  compared 
with  tamoxifen. 

We  have  mutated  the  seven  potential  phosphorylation  sites  on  the  estrogen 
receptor,  namely  two  cAMP-dependent  protein  kinase  sites  (S236  and  S305),  one  site  for 
MAP  kinase  (S118)  and  four  additional  phosphorylation  sites  for  calmodulin- 
dependent  protein  kinase  II  (S154,  S167,  S338,  and  S518)  since  protein  kinase 
phosphorylation  cascades  might  result  in  the  involvement  of  these  sites  in  the 
transcriptional  enhancement  and  magnified  agonistic  activity  of  antiestrogens.  To  our 
surprise,  we  found  that  elimination  of  phosphorylation  at  any  one  of  these 
phosphorylation  sites  in  the  estrogen  receptor  did  not  eliminate  the  transcriptional 
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synergism  elicited  by  cAMP.  In  addition,  we  have  observed  the  involvement  of  the 
cAMP  response  element  binding  protein  (CREB)  in  the  synergistic  activation  of  the 
estrogen  receptor  by  hormone  and  protein  kinase  activators,  and  documented  the 
importance  of  coregulator  SRC-1  involvement  and  modulation  of  its  potential 
phosphorylation  state. 

These  investigations  have  provided  insight  into  the  role  of  cAMP  modulation  of 
estrogen  and  antiestrogen  action  in  hormonal  resistance.  They  allow  an  understanding 
of  tamoxifen  resistance  at  the  molecular  level,  and  thus  point  toward  new  directions  for 
more  effective  implementation  of  antiestrogen  treatments  in  breast  cancer  patients  that 
may  prove  to  be  more  long-term  and  effective. 
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We  find  that  stimulation  of  the  protein  kinase  A  (PKA) 
signaling  pathway  in  MCF-7  human  breast  cancer 
cells  changes  the  agonist/antagonist  activity  of  ta¬ 
moxifen  and  related  antiestrogens;  it  activates  or 
enhances  their  estrogen  agonist  activity  and  re¬ 
duces  their  ability  to  antagonize  the  effects  of  estra¬ 
diol  (E2).  In  MCF-7  human  breast  cancer  cells  which 
contain  high  levels  of  endogenous  estrogen  receptor 
(ER),  the  antiestrogen  trans-hydroxy-tamoxifen 
(TOT)  fails  to  stimulate  transcription  of  the  estrogen- 
responsive  promoter-reporter  constructs  estrogen 
response  element  (ERE)-TATA-chloramphenicol 
acetyl  transferase  (CAT),  (ERE)2-TATA-CAT,  and 
pS2-CAT.  However,  when  cells  are  treated  with  iso¬ 
butyl  methylxanthine  plus  cholera  toxin  (which  in¬ 
creases  intracellular  cAMP  approximately  10-fold), 
or  with  8-bromo-cAMP,  or  are  transfected  with 
expression  vectors  for  the  PKA  catalytic  subunits, 
the  transcriptional  activity  of  the  antiestrogen-ER 
complex  is  now  increased,  to  levels  20-75%  that  of 
E2,  and  TOT  also  becomes  much  less  effective  in 
antagonizing  the  stimulation  of  transcription  by  E2. 
Although  this  alteration  in  the  agonist  and  antagonist 
activity  of  TOT  is  observed  with  three  promoter- 
reporter  constructs,  containing  a  simple  TATA  pro¬ 
moter  or  a  more  complex,  pS2  promoter,  elevation 
of  cAMP  did  not  enhance  the  transcription  by  either 
TOT  or  E2  of  the  reporter  plasmid  ERE-thymidine 
kinase-CAT.  Thus,  this  phenomenon  is  promoter 
specific.  The  maximal  stimulatory  effects  of  isobu- 
tylmethylxanthine  plus  cholera  toxin  and  PKA  cata¬ 
lytic  subunits  on  TOT  and  E2  transcriptional  en¬ 
hancement  were  not  additive,  consistent  with  the 
hypothesis  that  they  are  both  acting  via  stimulation 
of  the  same  signal  transduction  pathway.  By  con¬ 
trast,  cAMP  and  PKA  catalytic  subunit  transfection 
failed  to  evoke  any  transcription  by  the  more  pure 
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antiestrogen  IC1 164,384  with  any  of  the  four  pro¬ 
moter-reporter  constructs  tested.  Our  findings,  doc¬ 
umenting  that  stimulation  of  the  PKA  signaling  path¬ 
way  activates  the  agonist  activity  of  tamoxifen-like 
antiestrogens,  may  in  part  explain  the  development 
of  tamoxifen  resistance  by  some  ER-containing 
breast  cancers.  They  also  suggest  that  the  use  of 
antiestrogens  like  ICI164,384,  that  fail  to  activate  ER 
transcription  in  the  presence  of  cAMP,  may  prove 
more  effective  for  long-term  antiestrogen  therapy  in 
breast  cancer.  (Molecular  Endocrinology  8: 296-304, 
1994) 


INTRODUCTION 


The  estrogen  receptor  (ER),  a  member  of  a  large  nu¬ 
clear  hormone  receptor  superfamily,  binds  steroidal  or 
nonsteroidal  ligands  and  functions  as  a  hormone-acti¬ 
vated  transcription  regulator.  Upon  binding  estrogen, 
the  receptor  is  believed  to  bind  most  usually  to  estrogen 
response  element  (ERE)  DNA,  often  located  in  the  5'- 
flanking  region  of  estrogen-responsive  genes  (1  -5).  The 
estrogen-occupied  receptor  is  then  thought  to  interact 
with  transcription  factors  and  other  components  of  the 
transcriptional  complex  to  modulate  gene  transcription 
(6,  7).  The  actions  of  estrogens  are  antagonized  by 
antiestrogens  which  bind  to  the  ER  in  a  manner  that  is 
competitive  with  estrogen,  but  antiestrogens  fail  to 
effectively  activate  gene  transcription  (8-13).  Data  sug¬ 
gest  that  the  hormone  and  antihormone  receptor  com¬ 
plexes  display  different  conformations  which  are  de¬ 
pendent  on  the  nature  of  the  ligand  (5,  12,  14,  15). 
Presumably,  the  transcription  apparatus  reads  an  an¬ 
tiestrogen-ER  complex  differently  from  an  estrogen-ER 
complex,  possibly  through  interaction  with  factors  ex¬ 
clusive  for  one  complex  or  the  other. 

Estrogen  increases  proliferative  and  metastatic  active 
ity  of  breast  cancer  cells,  in  part  via  the  induction  of 
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growth  factors,  growth  factor  receptors,  basement 
membrane  receptors,  and  proteases  (16-18),  effects 
believed  to  be  largely  antagonized  by  antiestrogens. 
Using  the  present  knowledge  of  the  mechanisms  of 
estrogen  action,  breast  cancer  patients  are  chosen  for 
hormonal  therapy  on  the  basis  of  their  hormone  recep¬ 
tor  status.  Approximately  two-thirds  of  breast  cancer 
patients  that  have  tumors  containing  good  levels  of  the 
ER  respond  well  to  antiestrogen  therapy,  most  com¬ 
monly  treatment  with  the  antiestrogen  tamoxifen,  due 
to  its  effectiveness  and  minimal  side  effects  (10,  11, 
19).  There  remain  about  one-third  of  ER-positive  breast 
cancer  patients  who,  for  unknown  reasons,  do  not 
respond  to  antiestrogen  therapy.  Likewise,  tumor  re¬ 
sistance  to  antiestrogens  frequently  develops  over  time, 
even  in  patients  who  respond  well  initially  (20).  This 
resistance  presents  a  major  impediment  to  the  long¬ 
term  effectiveness  of  such  antiestrogen  treatments. 
There  is  intense  interest  in  understanding  why  most 
breast  cancer  cells  inevitably  progress  from  a  hormone- 
responsive  to  a  hormone-resistant  phenotype  and  in 
elucidating  the  alterations  in  the  cells  that  accompany 
this  change  to  hormonal  resistance  (21 ). 

We  have  shown  recently  that  treatment  of  breast 
cancer  cells  and  other  cells  with  agents  that  increase 
intracellular  cAMP  can  result  in  synergistic  activation  of 
ER-mediated  transcription  by  estradiol  (E2)  (22).  In  this 
study,  we  have  therefore  examined  the  effects  of  cAMP 
on  the  transcriptional  activity  of  antiestrogen-liganded 
ER  complexes,  since  such  alterations  in  transcriptional 
activity  might  underlie  the  stimulatory  effects  of  anties¬ 
trogens,  such  as  tamoxifen,  that  are  observed  during 
the  progression  of  cells  toward  antiestrogen  resistance. 

In  these  studies,  we  have  compared  the  effects  of 
cAMP  on  the  transcriptional  activity  of  ER  complexes 
occupied  by  the  widely  used  type  1  tamoxifen-like 
antiestrogens,  known  to  sometimes  exhibit  partial  ag¬ 
onist/antagonist  gene  activity,  and  type  2  (more  pure 
antagonist)  antiestrogens  (8,  10,  12,  20);  and  we  have 
used  several  different  estrogen-responsive  promoter- 
reporter  gene  constructs  containing  both  simple  and 
more  complex  promoters.  Differences  in  the  character 
of  the  type  1  and  2  antiestrogen  ligands  suggest  that 
they  may  exert  their  actions  through  different  mecha¬ 
nisms  and  that  the  nature  of  the  interaction  of  anties¬ 
trogen-occupied  receptor  complexes  with  chromatin 
may  be  influenced  by  which  of  the  two  classes  of 
antiestrogens  occupy  the  receptor  (12, 13,  23,  24). 

We  find  that  increasing  the  intracellular  concentration 
of  cAMP,  or  of  protein  kinase  A  (PKA)  catalytic  subunits 
by  transfection,  activates  and/or  enhances  the  tran¬ 
scriptional  activity  of  type  1  but  not  type  2  antiestrogen- 
occupied  ER  complexes  and  reduces  the  estrogen 
antagonist  activity  of  the  type  1  antiestrogens.  These 
findings  imply  the  important  involvement  of  PKA  signal¬ 
ing  pathways  in  the  activity  of  antiestrogen-ER  com¬ 
plexes  and  indicate  that  cAMP  can  alter  the  estrogen 
agonist/antagonist  balance  of  antiestrogens  in  breast 
cancer  cells.  Stimulation  of  the  PKA  signal  transduction 
pathway  can,  therefore,  change  the  interpretation  of 


the  character  of  the  antiestrogen  ligand,  changing  it 
from  an  estrogen  antagonist  to  a  partial,  but  significant, 
estrogen  agonist. 


RESULTS 

Increases  in  Intracellular  cAMP  Can  Activate  the 
Transcriptional  Activity  of  Some  Antiestrogen-ER 
Complexes  and  Alter  the  Agonist/ Antagonist 
Balance  of  Antiestrogens 

As  seen  in  Fig.  1 ,  we  examined  the  effects  of  cAMP  on 
the  transcriptional  activity  of  ERs  exposed  to  E2  and 
several  antiestrogens.  For  these  studies,  we  used  MCF- 
7  human  cancer  cells,  which  contain  high  levels  of 
endogenous  ERs.  Using  the  estrogen-responsive  re¬ 
porter  construct  pATC2,  which  contains  two  estrogen 
response  elements  (EREs)  upstream  of  a  TATA  pro¬ 
moter  and  chloramphenicol  acetyl  transferase  (CAT) 
gene,  transfected  into  MCF-7  cells,  we  observed  an 
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Fig.  1.  Effect  of  IBMX/CT  or  cAMP  on  the  Ability  of  E2  and 
Antiestrogens  to  Stimulate  Trans- Activation  of  (ERE)2-TATA- 
CAT,  and  on  the  Ability  of  Antiestrogens  to  Suppress  E2- 
Stimulated  Trans- Activation 

MCF-7  cells  were  transfected  with  the  reporter  plasmid 
(ERE)2-TATA-CAT  plus  an  internal  control  plasmid  that  ex¬ 
presses  /3-galactosidase.  The  cells  were  treated  with  the  indi¬ 
cated  agents  for  24  h  and  harvested  for  CAT  assay.  The  CAT 
activity  of  the  Entreated  cells  was  set  at  100%.  Each  bar 
represents  the  mean  ±  sem  (n  =  3-6  experiments).  *,  Signifi¬ 
cant  difference  ( P  <  0.05  by  Student’s  t  test)  from  cells 
receiving  the  indicated  treatment  but  no  IBMX/CT  or  cAMP 
{open  bar).  C,  Control  ethanol  vehicle;  E2,  10~9  m;  TOT,  10“6 
m;  Naf,  10"6  m;  LY,  10“6  m;  ICI,  10“6  m;  IBMX/CT,  10'4  m  IBMX 
and  1  Mg/ml  CT;  cAMP,  10“4  m  8-Br-cAMP. 
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approximately  12-fold  increase  in  CAT  activity  by  E2 
but  no  stimulation  by  any  of  the  four  antiestrogens 
tested.  However,  when  cells  were  exposed  to  isobutyl- 
methylxanthine  (IBMX)  and  cholera  toxin  (CT),  which 
result  in  marked  increases  in  intracellular  cAMP  in  these 
cells  (15-fold  by  1  h  and  5-fold  at  24  h;  Ref.  25),  three 
of  the  antiestrogens  prans-hydroxytamoxifen  (TOT), 
Nafoxidine  (Naf),  and  LY1 17018  (LY)]  now  showed 
stimulatory  transcriptional  activity,  approximately  15- 
25%  of  that  of  E2  alone.  The  antiestrogen  ICI1 64,384 
(ICI)  showed  no  stimulation  of  transcription  in  cells  in 
the  presence  or  absence  of  IBMX/CT  (Fig.  1 ,  stippled 
bar)  or  in  cells  exposed  to  8-bromo-cAMP  (Fig.  1 ,  black 
bar ),  while  these  treatments  enhanced  transcription  by 
E2-  and  TOT-occupied  ERs.  As  reported  previously  (22), 
IBMX/CT  markedly  enhanced  the  transcriptional  activity 
of  the  E2-liganded  ER  complex,  increasing  its  activity 
to  approximately  250%  of  that  of  the  E2-ER  complex 
alone  in  the  absence  of  cAMP  stimulators.  Of  interest, 
although  the  antiestrogen  ICI  fully  blocked  the  transcrip¬ 
tional  response  to  E2  in  the  presence  and  absence  of 
IBMX/CT,  TOT  was  much  less  effective  in  blocking  E2 
transcriptional  activity  in  the  presence  of  IBMX/CT  than 
in  its  absence.  Hence,  IBMX/CT  changed  both  the 
agonist  activity  and  the  estrogen  antagonist  activity  of 
some,  but  not  all,  antiestrogens. 

Stimulation  of  the  Agonist  Activity  of  Antiestrogens 
by  cAMP  Is  Promotor  Dependent 

In  order  to  determine  the  generality  of  this  phenomenon, 
we  examined  the  effects  of  cAMP  on  the  transcriptional 
activity  of  antiestrogens  and  E2  in  the  same  (MCF-7) 
cells,  but  using  several  different  estrogen-responsive 
promoter-reporter  constructs.  In  Fig.  2,  A  and  B,  we 
have  determined  the  effect  of  cAMP  on  the  activity  of 
TOT,  ICI,  and  E2  on  a  simple  TATA  promoter  with  one 
consensus  ERE  upstream  of  the  CAT  gene  (pATCI) 
and  on  the  more  complex  pS2  gene  promoter  and  5'- 
flanking  region  (-3000  to  +10)  containing  an  imperfect 
ERE  (26-28).  The  endogenous  pS2  gene  is  regulated 
by  E2  in  MCF-7  breast  cancer  cells  (29, 30).  E2  increased 
the  transcription  of  both  of  these  gene  constructs,  and 
treatment  with  IBMX/CT  and  E2  evoked  a  synergistic 
increase  in  transcription,  with  activity  being  approxi¬ 
mately  2.5-fold  that  of  E2  alone.  Both  antiestrogens 
(TOT  and  ICI)  failed  to  stimulate  trans- activation  of 
these  reporter  gene  constructs,  but  in  the  presence  of 
IBMX/CT,  TOT  gave  significant  stimulation  of  transcrip¬ 
tion  (85%  or  60%  that  of  E2  alone;  Fig.  2,  A  or  B).  ICI 
failed  to  stimulate  trans- activation  even  in  the  presence 
of  IBMX/CT,  and  ICI  fully  blocked  E2  stimulation  in  the 
presence  or  absence  of  cAMP.  By  contrast,  treatment 
with  IBMX/CT  reduced  the  ability  of  TOT  to  inhibit  E2 
trans- activation.  While  TOT  returned  E2  stimulation 
down  to  that  of  the  control  in  the  absence  of  IBMX/CT 
(Fig.  2,  A  and  B,  compare  open  bars ,  E2  vs.  E2  +  TOT), 
TOT  only  partially  suppressed  the  E2  stimulation  in  the 
presence  of  IBMX/CT  (Fig.  2,  A  and  B,  compare  stip¬ 
pled  bars ,  E2  vs.  E2  +  TOT). 

With  ERE-thymidine  kinase  (tk)-CAT,  an  estrogen- 


Fig.  2.  Effect  of  IBMX/CT  on  the  Ability  of  E2  and  Antiestrogens 
to  Stimulate  Trans- Activation  of  ERE-TATA-CAT  (A)  and  pS2- 
CAT  (B)  and  on  the  Ability  of  Antiestrogens  to  Suppress  E2- 
Stimulated  Trans- Activation 

MCF-7  cells  were  transfected  with  the  indicated  reporter 
plasmid  and  an  internal  control  plasmid  that  expresses  (3- 
galactosidase  and  were  treated  with  the  agents  indicated  for 
24  h.  Each  bar  represents  the  mean  ±  sem  (n  =  3  experiments). 
*,  Significant  difference  from  the  ceils  with  no  IBMX/CT  (P  < 
0.05  by  Student’s  t  test).  C,  Control  ethanol  vehicle;  E2,  1CT9 
m;  TOT,  10"6  m;  ICI,  1CT6  m;  IBMX,  10"4  m;  and  CT,  1  ng/ml 


responsive  promotor-gene  construct  containing  the  tk 
promoter,  however,  we  found  no  effect  of  IBMX/CT  on 
transcriptional  activity  of  either  E2  or  antiestrogen- 
receptor  complexes  (Fig.  3A).  The  antiestrogens  TOT, 
Naf,  and  LY  alone  showed  severalfold  increases  in  CAT 
activity  (5-  to  10-fold  that  of  the  control),  but  neither 
their  activity,  nor  that  of  E2,  was  altered  by  IBMX/CT 
treatment.  TOT  and  ICI  also  both  effectively  suppressed 
E2  activity  in  the  presence  or  absence  of  IBMX/CT.  As 
seen  in  Fig.  3B,  we  observed  no  enhancement  of  E2 
trans- activation  by  IBMX/CT  over  a  broad  concentra¬ 
tion  range  of  ligand,  and  we  observed  the  same  ab¬ 
sence  of  transcriptional  enhancement  with  a  broad 
range  of  TOT  concentrations  (1 0-9— 1 0~6  m,  data  not 
presented). 

Increasing  the  Levels  of  cAMP-Dependent  PK  a -  or 
^-Catalytic  Subunits  in  MCF-7  Cells  Stimulates  the 
Transcriptional  Activity  of  E2-Occupied  and  TOT- 
Occupied  ERs  but  Not  ICI-Occupied  ERs 

The  studies  in  Fig.  4  show  that  exposure  of  MCF-7 
cells  to  E2  or  to  the  antiestrogen  TOT  in  the  presence 
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E2  Concentration  [logM] 

Fig.  3.  Effect  of  IBMX/CT  on  the  Ability  of  E2  and  Antiestrogens 
to  Stimulate  Trans- Activation  of  ERE-tk-CAT  and  on  the  Ability 
of  Antiestrogens  to  Suppress  E2-Stimulated  Trans- Activation 
MCF-7  cells  transfected  with  ERE-tk-CAT  were  treated  with 
E2  or  antiestrogens  (A)  or  various  concentrations  of  E2  (B)  in 
the  presence  or  absence  of  IBMX/CT  for  24  h.  Each  bar 
presents  the  mean  ±  sem  (n  =  3  experiments).  *,  Significant 
difference  from  the  treatment  alone  in  the  absence  of  IBMX/ 
CT  (P  <  0.05  by  Student’s  t  test).  C,  Control  ethanol  vehicle; 
E2, 10~9  m;  TOT,  10“6  m;  Naf,  10~6  m;  LY,  10“6  m;  ICI,  1(T6  m; 
IBMX,  10“4  m;  and  CT,  1  ng/m]. 


of  IBMX/CT  (which  raises  intracellular  cAMP)  results  in 
increased  transcriptional  activity  of  the  receptor  com¬ 
plexes.  Since  cAMP  is  a  PKA  activator,  we  asked 
whether  directly  increasing  the  intracellular  level  of 
cAMP-dependent  protein  kinase  catalytic  subunit  iso¬ 
forms  a  or  )3  by  transfection  might  also  bring  about 
transcriptional  enhancement.  Expressing  either  the  PK 
a-  or  /3-catalytic  subunits  in  MCF-7  cells  resulted  in  a 
marked  enhancement  of  transcription  by  the  E2-ER  or 
TOT-ER  (but  not  ICI-ER)  complexes,  equivalent  in  mag¬ 
nitude  to  that  evoked  by  IBMX/CT  alone  (Fig.  4).  Treat¬ 
ment  of  cells  expressing  PK  a-  or  /3-catalytic  subunits 
with  IBMX/CT  plus  E2  or  TOT  failed  to  enhance  tran¬ 
scription  above  that  achieved  by  ligand  in  the  presence 
of  either  IBMX/CT  or  cAMP-dependent  PK  subunit 
transfection  alone.  As  might  have  been  expected,  ERs 
remained  transcriptionally  inactive  with  the  antiestrogen 
ICI  in  the  presence  of  PK  catalytic  subunit  or  IBMX/CT, 
and  these  agents  (IBMX/CT;  PK  a-  or  /3-subunit)  also 
failed  to  enhance  the  low  transcriptional  activity  ob- 


Fig.  4.  Effect  of  Transfection  of  PK  a-  or  /3-Catalytic  Subunit 
Expression  Plasmids  on  the  Ability  of  E2  or  Antiestrogens  to 
Stimulate  Trans- Activation  of  (ERE)2-TATA-CAT  in  MCF-7 
Cells 

Cells  were  transfected  with  ( E R Efe-T AT A-C AT  reporter  plas¬ 
mid  and  were  treated  with  control  vehicle,  E2,  TOT,  or  ICI  in 
the  presence  or  absence  of  IBMX/CT  for  24  h,  or  were 
transfected  with  PKa  or  -/3  expression  plasmids  and  (ERE)2- 
TATA-CAT.  All  cell  transfections  also  included  the  internal 
control  plasmid  pCHIIO  to  normalize  for  transfection  effi¬ 
ciency.  Eighty-micromolar  ZnS04  was  added  to  induce  the 
mouse  metallothionin  promoter  in  the  PK  a/p  constructs.  Some 
cells  were  also  exposed  to  IBMX/CT,  as  indicated.  Each  bar 
presents  the  mean  ±  sem  (n  =  3  or  4).  *,  Significant  difference 
(P  <  0.05  by  Student’s  f  test)  from  the  no-PKa//3  transfection 
and/or  no-IBMX/CT  treatment  (open  bar).  C,  Control  ethanol 
vehicle;  E2,  1(T9  m;  TOT,  10"6  m;  ICI,  1(T6  m;  IBMX,  10"4  m; 
CT,  1  /ug/ml;  PKa,  PK  ^-catalytic  subunit  plasmid  transfected; 
PK/3,  PK  /3-catalytic  subunit  plasmid  transfected. 


served  with  the  (ERE)2-TATA-CAT  plasmid  in  control 
MCF-7  cells. 

As  shown  in  Fig.  5,  treatment  of  MCF-7  cells  with 
IBMX/CT  or  transfection  with  the  PK  a-  or  ^-catalytic 
subunit  dramatically  increased  the  transcriptional  acti¬ 
vation  of  a  somatostatin  (SRIF)-CAT  reporter  gene  con¬ 
struct  which  contains  a  cAMP  response  element  (CRE), 
documenting  the  increased  cAMP-mediated,  PKA-path- 
way  activity  in  these  cells. 

PKA  Activation  Does  Not  Affect  Antiestrogen  or  E2 
Modulation  of  ER  Levels  in  MCF-7  Cells 

We  determined  the  level  of  ER  in  MCF-7  cells  after 
treatment  with  E2  and  TOT,  in  the  presence  and  ab¬ 
sence  of  IBMX/CT,  to  determine  if  changes  in  ER  levels 
might  account  for  the  enhanced  transcriptional  activity 
of  ERs  observed  upon  IBMX/CT  and  E2  or  TOT  expo¬ 
sure.  As  shown  in  Fig.  6,  IBMX/CT  alone  had  no  effect 
on  the  high  ER  levels  in  control  cells.  Likewise,  the  well 
documented  decrease  in  ER  level  over  24  h  brought 
about  by  E2  exposure  (1 3,  for  example),  was  unaffected 
by  IBMX/CT,  as  was  the  absence  of  change  from 
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Treatments 

Fig.  5.  Activation  of  SRIF-CAT  Transcription  by  IBMX/CT  and/ 
or  Transfection  of  PK a  or  PK0  Expression  Plasmids 
MCF-7  cells  were  transfected  with  the  SRIF-CAT  plasmid 
which  contains  a  CRE,  PK  a  or  0  expression  plasmids,  and  an 
internal  control  0-galactosidase  pCHIIO  plasmid.  Eighty-mi¬ 
cromolar  ZnS04  was  used  to  induce  the  mouse  metallothionin 
promoter  in  PK  a/0  constructs.  Cells  were  harvested  for  assay 
at  24  h.  Each  bar  presents  the  mean  ±  sem  (n  =  3-5  experi¬ 
ments).  \  Significant  difference  from  the  control(P  <  0.05  by 
Student’s  t  test).  C,  Control  ethanol  vehicle;  E2, 10-9  m;  TOT, 
10~6  m;  ICI,  10"6  m;  IBMX,  10"4  m;  and  CT,  1  m g/ml. 


Treatments 

Fig.  6.  Effects  of  E2,  TOT,  and  IBMX/CT  on  the  Level  of  ER 
in  MCF-7  Cells 

Cells  were  treated  with  E2  and  TOT  with  and  without  IBMX/ 
CT  for  24  h.  The  cell  extracts  were  analyzed  by  Western 
immunoblot  with  the  ER-specific  antibody  H222.  Autoradi¬ 
ograms  were  quantified  with  a  densitometer.  Each  bar  pre¬ 
sents  the  mean  ±  sem  (n  =  3-5).  *,  Significant  difference  from 
the  control  (P  <  0.05  by  Student’s  t  test).  C,  Control  ethanol 
vehicle;  E2,  1CT9  m;  TOT,  10“6  m;  IBMX,  10~4  m;  and  CT,  1  m9/ 
ml. 


control  ER  level  in  cells  treated  with  TOT  alone  or  with 
PKA  activator  (IBMX/CT).  Also,  gel  mobility  shift  assays 
showed  that  treatment  of  cells  with  IBMX/CT  did  not 
alter  qualitatively  or  quantitatively  the  binding  of  TOT- 
liganded  receptor  complexes  to  ERE-DNA  (data  not 
presented),  as  observed  previously  for  E2-occupied 
receptors  (22). 


DISCUSSION 

cAMP  Changes  the  Interpretation  of  the  Character 
of  the  Antiestrogen  Ligand 

These  studies  reveal  that  cAMP  changes  the  interpre¬ 
tation  of  the  character  of  the  antiestrogen  ligand,  chang¬ 
ing  it  from  an  ineffective  transcriptional  activator  and  an 
effective  antagonist  of  estrogen-stimulated  transcrip¬ 
tion  to  an  agonist  which  now  stimulates  estrogen- 
dependent  gene  transcription.  cAMP  also  blunts  the 
antagonist  activity  of  the  tamoxifen  antiestrogen,  re¬ 
ducing  its  ability  to  antagonize  E2-stimulated  transcrip¬ 
tion,  an  observation  that  may  have  important  implica¬ 
tions  for  understanding  antiestrogen  resistance  in 
breast  cancer,  which  often  occurs  despite  the  presence 
of  functionally  intact  ERs  (21). 

Three  aspects  revealed  by  our  studies  are  of  note. 
First,  cAMP  only  affected  the  agonist/antagonist  activity 
of  so  called  type  1  antiestrogens  like  TOT.  The  type  2, 
pure  antiestrogen  ICI  remained  a  pure  antiestrogen 
despite  changes  in  intracellular  levels  of  cAMP  or  cAMP- 
dependent  protein  kinase.  Second,  the  cAMP  enhance¬ 
ment/activation  of  gene  transcription  by  TOT  was  pro¬ 
moter  dependent  and  occurred  with  several,  but  not  all, 
estrogen-responsive  promoter-reporter  constructs  ex¬ 
amined.  Interestingly,  constructs  showing  synergistic 
activation  of  ER-mediated  transcription  by  E2  and  PKA 
activators  also  showed  synergistic  activation  of  ER- 
mediated  transcription  by  tamoxifen,  while  the  ERE-tk 
promoter-CAT  gene  construct  failed  to  exhibit  synergis¬ 
tic  activation  by  E2  or  TOT  with  PKA  activators.  Third, 
the  fact  that  we  could  activate  the  transcriptional  ability 
of  TOT-occupied  and  E2-occupied  ERs  by  increasing 
cAMP  or  by  increasing  intracellular  PKA  implies  the 
important  involvement  of  cAMP-dependent  PK  signaling 
pathways  in  this  transcriptional  activation/enhance¬ 
ment. 

Activation  of  the  Transcriptional  Activity  of 
Antiestrogen-Occupied  ERs  Occurs  Only  with  Type 
1,  Tamoxifen-Like  Antiestrogens  and  Is  Promoter 
Specific 

Differences  in  the  abilities  of  the  four  antiestrogens  we 
examined  to  have  their  transcriptional  activity  activated 
or  enhanced  by  cAMP  may  be  a  reflection  of  differences 
in  their  ability  to  allow  the  ER  to  form  stable  dimers  and 
interact  effectively  with  DNA.  Several  studies  with 
ICI1 64,384,  the  antiestrogen  that  fully  blocked  E2-stim- 
ulated  transcriptional  activation  and  failed  to  itself  gen- 
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erate  ER  complexes  that  were  activated  by  cAMP  or 
PKA  catalytic  subunits,  have  shown  that  ICI  reduces 
DNA  binding  of  the  ER  and  also  impairs  the  stability  of 
ER  dimers  (13,  23,  24).  Likewise,  in  the  case  of  the 
human  progesterone  receptor,  antiprogestin-occupied 
PR  complexes  that  do  not  interact  effectively  with  DNA 
also  fail  to  have  their  transcriptional  activity  influenced 
by  cAMP  (31 , 32).  In  contrast  to  ICI,  the  type  1  anties¬ 
trogen  TOT,  like  E2,  binds  to  ERs  and  receptors  occu¬ 
pied  by  this  antiestrogen  or  by  E2  bind  to  ERE-DNA  in 
vitro  or  in  vivo  (12-14).  These  antiestrogen-receptor 
complexes,  like  the  RU486  antiprogestin-  and  antiglu¬ 
cocorticoid-occupied  progesterone  receptor  and  glu¬ 
cocorticoid  receptor  complexes,  act  as  hormone  ago¬ 
nists  in  the  presence  of  cAMP  (31  -34). 

Studies  in  this  and  other  laboratories  over  the  past 
15  yr  have  documented  that  estrogen  antagonism  is 
complex  and  that  the  agonist/antagonist  character  of 
antiestrogens  depends  upon  the  particular  antiestrogen 
compound,  the  target  cell  and  even  the  particular  re¬ 
sponse  or  gene  being  evaluated  (8, 10, 35).  Our  present 
studies  indicate  that  cAMP  can  activate  the  agonist 
activity  of  tamoxifen-like  antiestrogens  on  some  but  not 
all  promoter-gene  constructs.  Although  the  response 
to  antiestrogen  in  the  presence  of  elevated  cAMP  was 
significant,  the  magnitude  of  the  response  was  depend¬ 
ent  on  the  promoter-gene  construct  and  was  always 
less  than  that  observed  with  E2.  We  observed  transcrip¬ 
tional  activation/enhancement  with  constructs  contain¬ 
ing  a  minimal  promoter  (ERE-TATA-CAT)  and  with  a 
more  complex  promoter  construct,  pS2-CAT,  contain¬ 
ing  the  pS2  promoter  and  5'-flanking  region.  By  con¬ 
trast,  we  observed  no  transcriptional  activation/en¬ 
hancement  using  the  ERE-tk-CAT  construct  containing 
the  tk  promoter  which  contains  binding  sites  for  several 
transcription  factors.  Of  note  also,  when  we  saw  tran¬ 
scriptional  enhancement  or  synergism  with  E2  and  PKA 
activator,  we  also  saw  synergism  with  tamoxifen-like 
antiestrogens;  and  with  the  tk  promoter  we  failed  to 
see  transcriptional  synergism  with  cAMP  and  E2  or 
TOT.  Although  we  do  not  know  the  basis  for  this 
promoter-specific  transcriptional  activation/enhance¬ 
ment,  these  promoters  contain  binding  sites  for  different 
transcription  factors  and  interact  with  different  protein 
factors.  It  is  possible  that  cAMP  may  influence  the 
phosphorylation  state  of  various  coactivator/adaptor 
proteins  or  transcription  factors  that  mediate  promoter- 
specific  interactions  with  the  ER  (see  below). 

Mechanisms  and  cAMP-Dependent  Signaling 
Pathway  Involvement  in  Activation  of  the 
Transcriptional  Activity  of  ERs  Occupied  by 
Tamoxifen-Like  but  Not  ICI-Like  Antiestrogens 

Our  data  provide  strong  evidence  for  the  involvement 
of  cAMP-dependent  signaling  pathways  in  the  agonist 
actions  of  tamoxifen-like  estrogen  antagonists.  It  seems 
reasonable  to  assume  then  that  the  transcriptional  re¬ 
sponse  in  the  presence  of  cAMP  may  result  from  phos¬ 
phorylation  or  other  conformational  changes  in  the  ER 


itself  or  in  other  transcription  factors  or  adaptor  proteins 
with  which  the  ER  interacts  to  enhance  ER-specific 
transcription.  While  we  do  not  know  what  these  com¬ 
ponents  are,  we  do  know  that  cAMP  exposure  in¬ 
creases  by  approximately  4-fold  the  overall  phosphoryl¬ 
ation  of  the  human  ER  (36-38)  and  rat  ER  (39)  and  that 
there  is  synergistic  activation  of  E2-liganded  receptors 
by  PKA-mediated  pathways  (22).  This  occurs  with  no 
change  in  ERE  gel  mobility  shift  patterns  with  E2-  or 
antiestrogen-occupied  ERs  in  the  presence  of  cAMP, 
suggesting  that  cAMP  does  not  change  the  DNA  inter¬ 
action  of  the  receptor.  However,  since  we  know  that 
E2,  as  well  as  the  antiestrogens  TOT  and  ICI,  enhance 
phosphorylation  of  the  ER  (36-39),  and  show  quite 
similar  phosphotryptic  peptide  patterns  (37),  the  role  of 
cAMP-induced  and  hormone-induced  ER  phosphoryla¬ 
tion  in  transcriptional  enhancement  is  not  straightfor¬ 
ward  and  may  implicate  contributions  of  both  receptor 
phosphorylation  as  well  as  phosphorylation  of  other 
factors  involved  in  ER-specific  transcription. 

The  promoter  specificity  of  the  transcriptional  en¬ 
hancement  phenomenon  suggests  that  factors  in  ad¬ 
dition  to  ER  are  probably  being  modulated  by  PKA 
pathway  stimulation.  Clearly,  there  is  still  much  we  need 
to  learn  about  how  PKA  activation  affects  the  phos¬ 
phorylation/bioactivity  of  ER  and/or  other  transcription 
factors  or  adapter/coactivator  proteins  with  which  the 
ligand-occupied  ER  interacts  so  as  to  preferentially 
evoke  promoter-dependent  transcriptional  enhance¬ 
ment  by  tamoxifen  and  E2,  but  not  the  antiestrogen 
ICI1 64,384.  In  contrast  to  the  observed  cAMP  stimu¬ 
lation  of  ER  phosphorylation,  enhancement  of  proges¬ 
terone  receptor  transcription  by  okadaic  acid  (a  protein 
phosphatase  inhibitor),  and  cAMP  stimulation  of  gluco¬ 
corticoid  receptor  and  progesterone  receptor  transcrip¬ 
tional  enhancement  did  not  appear  to  be  associated 
with  major  changes  in  phosphorylation  of  these  recep¬ 
tors  (31,  32,  40),  suggesting,  in  these  cases,  that 
transcriptional  enhancement  resulted  from  alterations 
in  components  other  than  the  receptor  itself. 

Implications  for  Antiestrogen  Resistance  in  Breast 
Cancer 

Our  studies  imply  that  changes  in  the  cAMP  content  of 
cells,  which  can  result  in  activation  of  the  agonist  activity 
of  tamoxifen-like  antiestrogens,  might  account,  at  least 
in  part,  for  the  resistance  to  antiestrogen  therapy  that 
is  observed  in  some  breast  cancer  patients.  Of  interest, 
MCF-7  cells  transplanted  into  nude  mice  fail  to  grow 
with  tamoxifen  treatment  initially,  but  some  hormone- 
resistant  cells  grow  out  into  tumors  after  several 
months  of  tamoxifen  exposure  (10,  41,  42).  Studies 
have  shown  that  this  resistance  to  tamoxifen  is,  more 
correctly,  a  reflection  of  tamoxifen  stimulation  of  prolif¬ 
eration,  representing  a  change  in  the  interpretation  of 
the  tamoxifen-ER  complex  and  its  agonist/antagonist 
balance.  It  is  of  interest  that  we  found  the  pS2  gene, 
which  is  under  estrogen  and  antiestrogen  regulation  in 
breast  cancer  (26-30),  to  be  activated  by  tamoxifen  in 
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the  presence  of  elevated  cAMP.  By  contrast,  however, 
antiestrogens  such  as  ICI,  shown  in  many  systems  to 
be  more  complete  estrogen  antagonists,  are  not 
changed  in  their  agonist/antagonist  balance  by  increas¬ 
ing  intracellular  concentrations  of  cAMP.  Therefore,  ICI- 
like  compounds  may  prove  to  be  more  efficacious  and 
less  likely  to  result  in  antiestrogen-stimulated  growth 
(20). 

High  consumption  of  caffeine  and  methyl  xanthines 
has  been  thought  to  be  associated  with  breast  cysts 
and  benign  breast  lumps,  conditions  associated  with 
estrogenic  stimulation  (43).  This  might  in  part  reflect 
elevated  cAMP  brought  about  by  suppression  of  cAMP 
phosphodiesterase  by  methylxanthines  like  caffeine 
and  consequent  transcriptional  enhancement  by  estro¬ 
gens.  CT  and  cAMP  analogs  have  also  been  shown  to 
stimulate  growth  of  cultured  human  mammary  epithelial 
cells  (44)  and  human  breast  cancer  cells  (45),  and  to 
enhance  the  growth  and  morphogenesis  of  mouse 
mammary  ducts  (46).  In  this  regard,  it  is  noteworthy 
that  cAMP  levels  are  significantly  higher  in  breast  tu¬ 
mors  than  in  normal  breast  tissue  (47,  48)  and  that 
elevated  concentrations  of  cAMP  binding  proteins  are 
associated  with  early  disease  recurrence  and  poor  sur¬ 
vival  rates  (49,  50). 

There  is  evidence  now  that  MCF-7  breast  cancer 
cells  that  become  resistant  to  tamoxifen  can  have  their 
growth  suppressed  by  the  more  pure  ICI  antiestrogen 
(20,  51).  Therefore,  resistance  to  tamoxifen-like  anti¬ 
estrogens  does  not  necessarily  result  in  resistance  to 
more  pure  ICI-like  antiestrogens.  Our  data  would  be 
consistent  with  these  biological  observations  and  would 
suggest  that  fluctuations  in  cAMP  cellular  concentra¬ 
tions,  which  might  accompany  progression  or  changes 
in  the  proliferative  or  metastatic  state  of  breast  cancers, 
may  influence  the  outcome  and  response  to  tamoxifen 
but  not  to  the  more  pure  antiestrogens.  These  more 
pure  antiestrogens  may  therefore  prove  to  be  less 
problematic  in  long-term  treatment  protocols. 

The  transcriptional  enhancement  we  have  observed 
between  PKA  activators  and  ER  occupied  by  tamoxi- 
fen-like  antiestrogens  and  E2  provides  further  evidence 
for  cross-talk  between  the  ER  and  signal  transduction 
pathways  regulated  by  cAMP  that  are  important  in  ER- 
dependent  transcription. 


MATERIALS  AND  METHODS 
Chemicals 

Estradiol-17/3,  IBMX,  CT  and  8-bromo-cAMP  were  purchased 
from  Sigma  Chemical  Co.  (St.  Louis,  MO).  The  antiestrogens 
frans-4-hydroxytamoxifen  and  IC1 164,384  were  kindly  pro¬ 
vided  by  ICI  Pharmaceuticals  (Macclesfield,  UK).  The  anti¬ 
estrogens  LY  117018  and  Nafoxidine  (U11,100A)  were  gen¬ 
erously  provided  by  the  Eli  Lilly  Co.  (Indianapolis,  IN)  and  the 
Upjohn  Co.  (Kalamazoo,  Ml),  respectively. 

Plasmids 

The  plasmids  ERE-TATA-CAT,  (ERE)2-TATA-CAT,  ERE-tk- 
CAT,  and  pS2-CAT  were  used  as  estrogen-responsive  tran¬ 


scriptional  reporters.  In  ERE-TATA-CAT  and  (ERE)2-TATA- 
CAT,  described  in  Ref.  52,  one  or  two  consensus  EREs  are 
directly  linked  to  the  TATA  box  of  the  Xenopus  vitellogenin  B1 
promoter  (-42/+14).  In  ERE-tk-CAT,  a  consensus  ERE  was 
inserted  into  the  polycloning  region  at  the  BamHI  site  of  pTZ- 
tk-CAT.  pTZ-tk-CAT  was  constructed  by  cloning  the  1.82- 
kilobase  BamHI/BamHI  fragment  of  pS2-tk-CAT  (30),  which 
includes  the  -150  to  +55  region  of  the  herpes  simplex  virus 
tk  promoter,  the  bacterial  CAT  gene,  and  SV40  splice  and 
polyadenylation  signals,  into  the  Hind\\\  site  of  pTZ19R  (53) 
with  the  tk  promoter  and  CAT  gene  oriented  3'  to  5'  relative 
to  the  T7  promoter.  The  pS2-CAT  construct  has  3000  base 
pairs  of  the  5'-flanking  region  (-3000/+10)  of  the  human 
estrogen-responsive  (pS2)  gene  that  includes  the  promoter 
and  estrogen-responsive  region  (30). 

For  expression  of  the  catalytic  subunits  of  cAMP-dependent 
PK,  pCaEV  and  pC/3EV,  which  contain  a  mouse  metallothi- 
onein  promoter  followed  by  catalytic  subunits  a// 3  and  a  human 
GH  polyadenylation  signal,  were  used  (54).  These  encode  two 
isoforms  of  the  catalytic  subunit  of  PKA;  although  derived  from 
separate  genes,  the  protein  isoforms  are  very  similar,  with 
more  than  90%  of  the  amino  acids  being  the  same  (55).  The 
SRIF-CAT  reporter  contains  the  -71  to  +53  region  of  the  rat 
somatostatin  gene  in  which  there  is  a  CRE  (56).  It  is  referred 
to  as  pSRIFA(— 71)  (56). 

ERE-TATA-CAT  and  (ERE)2-TATA-CAT  were  kindly  pro¬ 
vided  by  Dr.  David  Shapiro  (University  of  Illinois,  Urbana,  IL). 
pCaEV  and  pC0EV  were  gifts  from  Dr.  Stanley  McKnight 
(University  of  Washington,  Seattle,  WA).  SRIF-CAT  was  kindly 
provided  by  Dr.  Marc  Montminy  (Salk  Institute,  La  Jolla,  CA). 

A  j8-galactosidase  expression  vector,  pCHIIO  (Pharmacia, 
Piscataway,  NJ)  was  used  as  an  internal  control  for  transfec¬ 
tion  efficiency  in  all  transfection  experiments.  pTZ19  was  used 
as  carrier  DNA. 

MCF-7  Cell  Culture 

MCF-7  human  breast  cancer  cells  were  grown  in  Eagle’s 
minimum  essential  medium  (MEM;  GIBCO,  Grand  Island,  NY) 
containing  5%  calf  serum  (Hyclone,  Logan,  UT),  25  /*g/ml 
gentamycin,  100  U/ml  penicillin,  and  100  Mg/ml  streptomycin. 
Before  the  experiments,  the  cells  were  cultured  in  MEM  con¬ 
taining  5%  dextran  coated  charcoal  treated  calf  serum  (CDCS) 
and  the  above  antibiotics  for  1  week  and  finally  in  phenol  red- 
free  MEM  containing  5%  CDCS  and  the  same  antibiotics  for 
1  more  week. 

Transfection 

Transient  transfection  and  CAT  assays  were  carried  out  as 
described  previously  (22).  Briefly,  MCF-7  cells  were  plated  in 
phenol  red-free  MEM  containing  5%  CDCS.  They  were  trans¬ 
fected  by  the  calcium  phosphate-DNA  coprecipitation  method 
followed  by  glycerol  shock.  In  all  of  the  experiments,  15  fig 
total  plasmid  DNA  were  used  [2  (ERE)2-TATA-CAT  or  ERE- 
tk-CAT,  1 1  Mg  ERE-TATA-CAT  or  pS2-CAT,  4  Mg  SRIF-CAT, 

4  /ug  pCH1 1 0,  50  ng  pCaEV  or  pC£EV].  At  6  h  after  transfec¬ 
tion,  the  cells  were  shocked  with  25%  glycerol  in  MEM  con¬ 
taining  5%  CDCS,  and  they  were  then  treated  with  E2  or 
antiestrogens  and/or  1  Mg/ml  CT  plus  10~4  m  IBMX.  For  zinc 
induction  of  the  metallothionein  promoter  of  pCaEV  and 
pC/3EV,  80  fiM  ZnS04  was  added.  Cells  were  harvested  at  24 
h  and  prepared  for  CAT  assay  as  described  (22).  All  cell 
transfections  included  the  pCH1 10  /3-galactosidase  plasmid  as 
an  internal  control  to  correct  for  transfection  efficiency  between 
plates  (22). 

Immunoblots 

Whole  cell  extracts  were  used  in  Western  immunoblot  anal¬ 
yses  as  described  previously  (22).  The  anti-ER  monoclonal 
antibody  H222,  kindly  provided  by  Abbott  Laboratories  (North 
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Chicago,  IL),  was  used  as  the  primary  antibody,  and  rabbit 
antirat  immunoglobulin  G  (Zymed  Lab,  Inc.,  San  Francisco, 
CA)  was  used  as  the  second  antibody.  The  immune  complexes 
were  detected  with  [125l]protein-A  (New  England  Nuclear,  Bos¬ 
ton,  MA),  and  autoradiograms  were  quantified  by  densitometry 
(22). 
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ABSTRACT  Estrogenic  hormones,  believed  to  exert  most 
of  their  effects  via  the  direct  interaction  of  their  receptors  with 
chromatin,  are  found  to  increase  cAMP  in  target  breast  cancer 
and  uterine  cells  in  culture  and  in  the  intact  uterus  in  vivo. 
Increases  in  intracellular  cAMP  are  evoked  by  very  low 
concentrations  of  estradiol  (half  maximal  at  10  pM)  and  by 
other  physiologically  active  estrogens  and  antiestrogens,  but 
not  by  an  inactive  estrogen  stereoisomer.  These  increases  in 
cAMP  result  from  enhanced  membrane  adenylate  cyclase 
activity  by  a  mechanism  that  does  not  involve  genomic  actions 
of  the  hormones  (are  not  blocked  by  inhibitors  of  RNA  and 
protein  synthesis).  The  estrogen-stimulated  levels  of  cAMP  are 
sufficient  to  activate  transcription  from  cAMP  response  ele¬ 
ment-containing  genes  and  reporter  plasmid  constructs.  Our 
findings  document  a  nongenomic  action  of  estrogenic  hormones 
that  involves  the  activation  of  an  important  second-messenger 
signaling  system  and  suggest  that  estrogen  regulation  of  cAMP 
may  provide  an  additional  mechanism  by  which  this  steroid 
hormone  can  alter  the  expression  of  genes. 


For  many  years,  steroid  hormones  and  peptide  hormones 
have  been  considered  to  act  via  distinctly  different  mecha¬ 
nisms,  the  former  via  intracellular  receptors  acting  through 
the  genome  (1,  2)  and  the  latter  via  membrane-localized 
receptors  that  initially  affect  extranuclear  activities,  includ¬ 
ing  the  generation  of  second  messengers  such  as  cAMP. 
However,  there  has  been  increasing  evidence  for  interactions 
between  cAMP  and  estrogen  in  enhancing  the  growth  of  the 
mammary  gland  and  breast  cancer  cells  (3,  4)  and  for  cAMP 
induction  of  estrogen-like  uterine  growth  (5).  As  early  as 
1967,  Szego  and  Davis  (6)  demonstrated  a  very  rapid,  acute 
elevation  of  uterine  cAMP  by  estrogen  treatment  of  rats  in 
vivo  that  was  confirmed  in  other  reports  (7,  8),  but  several 
subsequent  studies  either  failed  to  confirm  this  observation  or 
reported  only  minimal  effects  that  were  considered  to  rep¬ 
resent  indirect  effects  of  estrogen  on  cAMP  mediated  by 
estrogen-induced  release  of  uterine  epinephrine  (9-12).  Re¬ 
cently,  cAMP  and  other  protein  kinase  activators  have  been 
documented  to  synergize  with  steroid  hormone-occupied 
receptors,  leading  to  enhanced  steroid  receptor-mediated 
transcription  (13-18),  possibly  by  a  mechanism  involving 
phosphorylation  of  the  receptor  or  associated  transcription 
factors  (14,  19-21). 

In  this  paper,  we  show  that  estrogen  activates  adenylate 
cyclase,  markedly  increasing  the  concentration  of  cAMP  in 
estrogen-responsive  breast  cancer  and  uterine  cells  in  culture 
and  in  the  intact  uterus  of  rats  treated  with  estrogen  in  vivo , 
in  a  manner  that  does  not  require  new  RNA  or  protein 
synthesis.  The  intracellular  concentrations  of  cAMP 
achieved  by  low,  physiological  levels  of  estrogen  are  sub¬ 
stantial  and  sufficient  to  stimulate  cAMP  response  element 
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(CRE)-mediated  gene  transcription.  Therefore,  this  nonge¬ 
nomic  action  of  the  steroid  hormone  estrogen  involves  the 
production  of  an  important  second  messenger  and  the  result¬ 
ant  activation  of  second  messenger-stimulated  genes.  These 
findings  document  a  two-way  directionality  in  the  cross  talk 
between  steroid  hormone-  and  cAMP-signaling  pathways. 

MATERIALS  AND  METHODS 

Plasmid  DNA.  The  SRIF-CAT  plasmid  (22),  containing  the 
CRE  region  of  the  somatostatin  [somatotropin  release- 
inhibiting  factor  (SRIF)]  gene  promoter  linked  to  the  gene 
encoding  chloramphenicol  acetyltransferase  (CAT),  was 
kindly  provided  by  Marc  Montminy  (Salk  Institute,  La  Jolla, 
CA).  PRd-CAT,  containing  the  distal  promoter  of  the  rat 
progesterone  receptor  (PR)  gene  linked  to  the  CAT  gene,  has 
been  described  (23).  pS2-CAT  was  constructed  by  replacing 
the  thymidine  kinase  (tk)  promoter  of  pTZ-tk-CAT  (23), 
released  by  digestion  with  BamHl  and  Bgl  II,  with  the 
promoter  region  of  the  gene  encoding  protein  pS2  (-90  to 
+  10;  ref.  24),  which  was  released  from  a  genomic  clone 
provided  by  Pierre  Chambon  (Institut  National  de  la  Sante  et 
de  la  Recherche  Medicale,  Strasbourg,  France)  by  BamHl 
digestion.  The  PRd  and  pS2  promoter  regions  do  not  contain 
any  estrogen-response  elements  (EREs)  or  CREs  and  are 
unresponsive  to  17/3-estradiol  (E2)  and  cAMP  (refs.  23  and  24 
and  our  unpublished  observations).  CRE-pS2-CAT  and 
CRE-PRd-CAT  were  constructed  by  annealing  the  oligonu¬ 
cleotide  5'-TGGCTGACGTCAGAGA-3'  with  its  comple¬ 
ment  and  cloning  the  resulting  double-stranded  oligomer, 
which  contains  the  CRE  of  the  rat  somatostatin  gene  and  its 
immediate  flanking  sequences  (22)  into  Sma  I-digested  pS2- 
CAT  and  PRd-CAT,  respectively. 

Cell  Culture,  Transfections,  and  CAT  Assays.  Primary 
cultures  of  uterine  cells  from  18-day-old  Sprague-Dawley 
rats  (Holtzmann,  Madison,  WI)  were  prepared  and  main¬ 
tained  as  described  (14).  MCF-7  human  breast  cancer  cells 
were  maintained  as  described  (23)  and  were  switched  to 
culture  medium  lacking  phenol  red  2  days  prior  to  plating  for 
experiments.  For  cAMP  studies,  uterine  and  MCF-7  cells 
were  plated  at  a  density  of  1.5-2  x  106  cells  per  160-mm  dish. 
For  transfection  experiments,  both  cell  types  were  plated  at 
4-5  x  106  cells  per  100-mm  dish,  and  the  medium  was 
changed  48  hr  later.  Cells  were  transfected  24  hr  later  as 
described  (14,  23)  with  15  fig  of  DNA  containing  5  fxg  of  CAT 
reporter  plasmid,  3  fig  of  pCHllO  /3-galactosidase  reporter 
plasmid,  and  7  fig  of  pTZ19  carrier  DNA.  Treatments  were 
added  in  fresh  medium  following  glycerol  shock,  and  cells 
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hydroxytamoxifen;  IBMX,  isobutylmethylxanthine;  SRIF,  soma¬ 
totropin  release-inhibiting  factor  (i.e.,  somatostatin);  PR,  progester¬ 
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were  harvested  24  hr  later.  CAT  assays,  normalized  for  the 
/3-galactosidase  activity  of  each  extract,  were  performed  as 
described  (14). 

cAMP  Radioimmunoassay  (RIA).  Nearly  confluent  plates 
of  cells  were  treated  with  various  agents  and  were  harvested 
in  500  fd  of  TNE  (40  mM  Tris-HCl,  pH  7.5/140  mM  NaCl/1.5 
mM  EDTA).  Cells  were  scraped  loose  using  a  rubber  police¬ 
man,  collected  into  microcentrifuge  tubes  kept  on  ice,  and 
pelleted  (100  x  g  for  5  min).  Cell  pellets  were  resuspended  in 
200  m1  of  ice-cold  cAMP  extraction  buffer  (50  mM  Tris-HCl, 
pH  7.5/4  mM  EDTA).  For  whole  uterus  treated  in  vivo ,  the 
tissue  was  cut  into  1-mm  pieces  prior  to  homogenization. 
Extracts  remained  on  ice  for  15  min,  with  vigorous  mixing 
every  5  min.  Extract  aliquots  were  analyzed  for  protein 
content  by  the  BCA  (bicinchoninic  acid)  method  (Pierce). 
Extracts  were  boiled  for  10  min,  and  cell  debris  was  pelleted. 
A  [3H]cAMP  RIA  kit  and  instructions  (Amersham)  were  used 
to  measure  cAMP  content  of  samples.  Incubations  were 
carried  out  at  4°C  for  3  hr,  and  charcoal-dextran-treated 
samples  were  analyzed  for  radioactivity. 

Adenylate  Cyclase  Assay.  Membrane  preparations  isolated 
from  cultured  cells  or  uteri  were  tested  for  adenylate  cyclase 
activity  (25).  In  brief,  homogenates  in  75  mM  Tris-HCl,  pH 
7.4/2  mM  EDTA/8  mM  MgCl2  were  subjected  to  two  cen¬ 
trifugations  (1000  x  g  for  5  min  at  4°C  and  40,000  x  g  for  20 
min  at  4°C).  Membrane  protein  (20  Mg)  was  used  from  each 
sample.  Reaction  conditions  were  as  described  (25)  except 
that  0.4  pCi  (1  fiC i  =  37  kBq)  of  [a-32P]  ATP  was  used  per  tube 
and  the  incubation  time  was  extended  to  20  min.  Reactions 
were  terminated  upon  addition  of  1  mM  ATP  and  0.1  pC i  of 
[3H]cAMP.  Aliquots  were  assayed  for  32P  and  3H  as  a 
measure  of  total  radioactivity  in  each  sample. 

The  amount  of  [32P]ATP  converted  into  cAMP  was  deter¬ 
mined  by  immunoprecipitation.  Precleared  samples  were 
incubated  with  polyclonal  antiserum  directed  against  cAMP 
(provided  by  V.  Ramirez,  University  of  Illinois)  for  1  hr  on 
ice.  This  antiserum  elicited  no  detectable  cross-reactivity 
with  ATP,  GTP,  AMP,  or  cGMP  in  our  assay  system.  A 
second  bridging  goat  anti-rabbit  monoclonal  antibody  was 
added  for  an  additional  1  hr  (Zymed),  and  antibody  com¬ 
plexes  were  precipitated  by  using  a  10%  slurry  of  Zysorbin 
(Zymed)  as  described  (14).  Zysorbin  cells  were  boiled  for  10 
min  and  pelleted.  32P  and  3H  radioactivity  were  determined 
in  the  supernatant,  and  recovery  of  the  known  [3H]cAMP 
cpm  added  (which  ranged  from  70%  to  90%)  was  used  to 
assess  the  efficacy  of  the  precipitation  and  to  adjust  the 
ATP-to-cAMP  conversion  values  accordingly.  Adenylate 
cyclase  activity  is  calculated  as  the  percentage  of  [32P]ATP 
converted  to  [32P]cAMP  during  the  20-min  incubation. 

Phosphodiesterase  (PDE)  Assay.  The  method  of  Prosser 
(26),  as  adapted  from  Thompson  et  al.  (27),  was  used  to  assess 
cAMP  PDE  activity  in  cells  exposed  to  various  agents.  After 
homogenization  in  50  mM  Tris-HCl,  pH  7.4/1. 5  mM  EDTA/ 
10%  (vol/vol)  glycerol/0.6  M  NaCl,  samples  were  sonicated 
for  30  sec  on  ice  (setting  no.  3,  Branson  Sonifier  200)  and 
centrifuged  (30,000  x  g  at  4°C  for  15  min).  Supernatants  (20 
Mg  of  cell  protein)  were  incubated  with  10  Mg  of  snake  venom 
(Ophiophagus  hannah ;  Sigma)  and  0.15  MCi  of  [3H]cAMP  in 
assay  buffer  (4  mM  Tris/1  mM  2-mercaptoethanol/l  mM 
AMP/1  mM  MgCl2/0.6  pM  cAMP)  at  30°C  for  15  min. 
Reactions  were  stopped  by  addition  of  1  ml  of  AG  1-X2  resin 
(Bio-Rad),  diluted  1:1  with  water,  and  centrifuged  10  min  at 
2500  x  g.  The  supernatant  was  collected,  added  to  a  second 
1-ml  aliquot  of  the  resin  mixture,  and  centrifuged  a  second 
time.  PDE  activity  of  the  final  supernatant  is  expressed  as 
pmol  of  AMP  produced  from  the  [3H]cAMP  per  mg  of  extract 
protein  per  min. 


RESULTS 

We  first  examined  the  effects  of  estrogen  on  cAMP  in  two 
estrogen-responsive  cell  types— namely,  MCF-7  human 
breast  cancer  cells,  which  contain  high  levels  of  endogenous 
estrogen  receptor  (ER)  and  primary  cultures  of  rat  uterine 
cells,  which  contain  lower  levels  of  ER  (Fig.  1).  In  both  cell 
systems  in  culture,  we  observed  that  the  estrogen  E2  in¬ 
creased  cAMP  levels  dramatically,  as  did  the  antiestrogens 
mzrcs-hydroxytamoxifen  (TOT)  and  ICI  164,384,  although  the 
response  to  antiestrogen  was  somewhat  lower.  Maximal,  ca. 
10-fold,  increases  in  intracellular  cAMP,  monitored  by  RIA, 
were  observed  at  0.5  or  1  hr  after  exposure  to  E2  in  MCF-7 
and  uterine  cells,  respectively;  these  represented  changes 
that  were  one-third  to  one-half  of  those  achieved  by  exposure 
to  cholera  toxin  (CT),  a  powerful  stimulator  of  adenylate 
cyclase  activity.  Intracellular  cAMP  levels  returned  to  the 
control  level  by  6  hr  (MCF-7  cells)  or  3  hr  (uterine  cells) 
despite  continued  exposure  to  hormonal  ligands.  By  contrast, 
cAMP  elevation  was  more  prolonged  in  the  presence  of  CT. 


Fig.  1 .  Effect  of  estrogen  and  antiestrogens  on  the  level  of  cAMP 
in  uterine  cells  (Top),  MCF-7  cells  (Middle),  and  uterus  in  vivo 
(Bottom).  Cultures  of  immature  rat  uterine  cells  (Top)  or  MCF-7 
breast  cancer  cells  (Middle)  were  treated  with  various  agents  and 
harvested  at  the  times  indicated.  Cell  extracts  were  monitored  for 
cAMP  content  by  RIA.  Treatments  were  control  vehicle  (control), 
CT  at  1  Mg/ml,  1  nM  E2, 1  pM  TOT,  or  1  pM  ICI  164,384  (ICI).  Each 
point  represents  the  mean  from  three  experiments.  (Bottom)  Imma¬ 
ture  18-day-old  rats  were  given  a  single  s.c.  injection  of  E2  (5  Mg), 
TOT  or  ICI  (50  Mg),  or  control  (0.2  ml  of  com  oil/ethanol  vehicle). 
Uterine  extracts  were  analyzed  for  cAMP  content  by  RIA.  Each 
point  represents  the  mean  from  two  experiments. 
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Exposure  of  rats  to  estrogen  (E2)  or  antiestrogen  (TOT,  ICI 
164,384)  in  vivo  also  resulted  in  substantial  increases  in 
intracellular  uterine  cAMP,  suggesting  that  the  changes  ob¬ 
served  in  vitro  are  neither  artifactual  nor  associated  only  with 
in  vitro  cell  culture.  Tamoxifen  in  vivo  has  also  been  reported 
to  alter  cAMP  accumulation  in  quail  oviduct  and  mouse 
uterus  (28). 

Dose-response  studies  reveal  that  low,  physiological  con¬ 
centrations  of  E2  were  able  to  stimulate  cAMP  accumulation 
(Fig.  2).  Half-maximal  stimulation  was  achieved  with  ca.  10 
pM  E2  and  full  stimulation  with  1  nM  E2.  Slightly  higher 
concentrations  of  ICI  164,384  and  TOT  were  needed  for  equal 
stimulation  of  intracellular  cAMP,  consistent  with  their  lower 
availability  in  serum-containing  medium  and  their  restricted 
entry  into  cells.  A  nearly  identical  dose-response  relation¬ 
ship  was  observed  for  cAMP  stimulation  by  these  ligands  in 
rat  uterine  cells  (data  not  shown). 

The  hormone  specificity  of  the  cAMP  stimulation  was 
examined  in  MCF-7  and  uterine  cells  (Table  1).  The  potent 
estrogens  E2  and  diethylstilbestrol  (DES)  evoked  large  fold 
increases  in  cAMP,  although  DES  (at  1  nM)  was  less  effective 
than  E2,  while  the  weaker  estrogen  2-hydroxyestrone  (2-OH- 
estrone)  effected  a  substantial  but  smaller  increase  in  cAMP; 
the  E2  stereoisomer  17a-estradiol,  known  to  be  biologically 
ineffective  as  an  estrogen,  failed  to  alter  intracellular  cAMP. 
The  glucocorticoid  dexamethasone  and  the  androgen  testos¬ 
terone  failed  to  increase  cAMP.  As  seen  in  Table  1,  nearly 
identical  results  were  observed  in  both  cell  types. 

The  ability  of  estrogen  to  increase  cAMP  was  associated 
with  increased  adenylate  cyclase  activity,  with  no  significant 
change  in  PDE  activity  (Fig.  3).  Treatment  of  cells  with  CT 
evoked  an  increase  of  ca.  3-fold  in  adenylate  cyclase  activity 
within  20  min,  while  treatment  with  E2  or  the  antiestrogens 
TOT  and  ICI  164,384  resulted  in  increases  that  were  half  as 
great.  The  effects  of  E2,  CT,  and  ICI  164,384  were  not 
additive.  Similar  increases  in  uterine  adenylate  cyclase  ac¬ 
tivity  were  also  observed  after  treatment  of  rats  with  these 
agents  in  vivo  or  after  treatment  of  uterine  cell  cultures  in 
vitro  (data  not  shown).  By  contrast,  E2,  TOT,  or  ICI  164,384 
did  not  alter  PDE  activity  of  MCF-7  cells  (Fig.  3  Right )  or 
uterine  cells  (data  not  shown);  the  potent  inhibitor  IB  MX  was 
effective  in  suppressing  PDE  activity,  as  expected. 

To  assess  whether  RNA  or  protein  synthesis  was  required 
for  the  stimulatory  effect  of  these  agents  on  intracellular 
cAMP  concentration,  cells  were  pretreated  with  actinomycin 
D  or  cycloheximide  for  30  min  prior  to  the  addition  of 
hormone  or  CT,  and  cAMP  was  monitored  1  hr  thereafter. 
Neither  of  these  agents  showed  any  inhibition  of  the  estro¬ 
gen-  or  antiestrogen-  or  CT-induced  stimulation  of  cAMP, 
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Fig.  2.  Dose-response  relationship  for  the  increase  in  cAMP 
stimulated  by  estrogen  and  antiestrogens.  MCF-7  cells  were  treated 
with  various  concentrations  of  E2,  TOT,  ICI  164,384  (ICI),  or  control 
ethanol  vehicle  for  1  hr.  Cell  extracts  were  monitored  for  cAMP 
content  by  RIA.  Each  point  represents  the  mean  from  two  experi¬ 
ments. 


Table  1.  Hormone  specificity  of  the  cAMP  increase  in 
target  cells 


Hormone 

cAMP  level,  fold  increase  over 
control 

MCF-7  cells 

Uterine  cells 

e2 

9.2 

8.2 

DES 

5.2 

3.8 

2-OH-estrone 

3.6 

3.6 

17a-Estradiol 

1.1 

1.4 

Dexamethasone 

1.1 

1.2 

Testosterone 

1.0 

0.8 

Results  shown  are  the  mean  from  two  experiments.  MCF-7  or 
uterine  cells  were  treated  with  various  hormones  (at  1  nM)  for  1  hr 
or  30  min,  respectively,  and  cell  extracts  were  monitored  for  cAMP 
content  by  RIA.  DES,  diethylstilbestrol. 

although  they  inhibited  RNA  or  protein  synthesis,  respec¬ 
tively,  by  >95%  (data  not  shown).  This  implies  that  stimu¬ 
lation  of  cAMP  accumulation  does  not  require  RNA  or 
protein  synthesis.  The  very  early  time  course  of  cAMP 
increase  (Fig.  1)  would  also  be  consistent  with  the  apparent 
absence  of  a  requirement  for  RNA  or  protein  synthesis. 

Since  estrogens  and  antiestrogens  increased  intracellular 
cAMP,  we  asked  whether  the  changes  in  cAMP  were  signif¬ 
icant  enough  to  affect  transcriptional  activation  of  cAMP- 
regulated  genes.  To  examine  this,  ceils  were  transfected  with 
a  cAMP-responsive  gene  construct  (SRIF-CAT)  containing 
the  CRE  region  of  the  somatostatin  gene  promoter  (“71  to 
+55)  linked  to  a  CAT  reporter  gene  (22).  Cells  were  treated 
as  shown  in  Fig.  4,  and  CAT  activity  was  measured  at  24  hr. 
E2  exposure  evoked  a  5-fold  (uterine  cells)  or  13-fold  (MCF-7 
cells)  increase  in  CRE-mediated  CAT  activity,  nearly  equal 
to  that  evoked  by  exposure  of  cells  to  0.1  mM  8-bromo- 
cAMP.  As  expected,  CT  evoked  an  even  larger  response 
based  on  its  greater  and  more  prolonged  elevation  of  cAMP. 
TOT  and  ICI  164,384  also  stimulated  SRIF-CAT  activity, 
although  less  dramatically  than  E2,  consistent  with  their 
lesser  stimulation  of  intracellular  cAMP.  The  effects  of  E2 
and  CT  or  cAMP  were  not  additive,  consistent  with  their 
action  via  the  same  pathway.  The  effects  of  E2  plus  anties¬ 
trogen  were  also  not  additive.  Insulin-like  growth  factor  1, 
which  failed  to  increase  intracellular  cAMP  (data  not  shown), 
also  failed  to  increase  SRIF-CAT  transcription. 

The  SRIF-CAT  cAMP-responsive  reporter  gene  construct 
contains  the  somatostatin  promoter  and  flanking  region  (-71 
to  +55)  and  thus  might  potentially  contain  elements  other 
than  CREs  that  might  contribute  to  the  response  to  the 
hormonal  agents.  Therefore,  we  prepared  two  more  simple 
consensus  CRE-containing  CAT  reporter  plasmids;  the  first 
contained  one  CRE  upstream  of  the  pS2  promoter  (—90  to 
+  10)  and  CAT  gene  (CRE-pS2-CAT),  and  the  second  con¬ 
tained  one  CRE  upstream  of  the  rat  PR  gene  distal  promoter 
and  CAT  gene  (CRE-PRd-CAT).  Transactivation  of  these 
reporter  genes  was  stimulated  by  estrogen  and  cAMP  (Fig. 
5),  as  seen  for  the  SRIF-CAT  plasmid,  confirming  that 
transactivation  of  the  SRIF-CAT  plasmid  was  indeed  medi¬ 
ated  via  the  CRE  and,  therefore,  was  due  to  intracellular 
cAMP  generated  by  the  hormone.  The  lack  of  response  to  E2 
or  cAMP  in  control  plasmids  (pS2-CAT  or  PRd-CAT)  con¬ 
taining  the  pS2  or  rat  PR  promoters  and  CAT  reporter  gene 
but  lacking  the  CRE  further  confirms  the  requirement  for  the 
CRE  in  the  transactivation. 

The  possibility  of  any  binding  of  ER  to  consensus  CRE 
monomers  and  dimers  was  analyzed  by  standard  and  com¬ 
petitive  gel  mobility-shift  assays  using  human  ER  overex¬ 
pressed  in  COS-1  cells  (29).  In  the  standard  gel  mobility-shift 
assay,  direct  binding  of  ER  to  a  radiolabeled  CRE  dimer 
could  not  be  detected,  whereas  binding  of  bacterially  ex- 
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Fig.  3.  Regulation  of  adenylate  cyclase  and 
PDE  activities  by  estrogen  and  antiestrogens. 
MCF-7  cells  were  treated  for  1  hr  with  ethanol 
vehicle  (C,  control),  CT  at  1  ^g/ml,  1  nM  E2,  1 
fiU  TOT,  1  pU  ICI  164,384  (ICI),  0.1  mM  iso- 
butylmethylxanthine  (IBMX),  or  E2  in  combina¬ 
tion  with  CT  or  ICI.  Cell  extracts  were  monitored 
for  PDE  activity  (Right),  or  membrane  fractions 
were  monitored  for  adenylate  cyclase  activity 
(Left).  Each  bar  represents  the  mean  and  range 
from  two  experiments.  All  adenylate  cyclase  val¬ 
ues  of  treated  groups  were  significantly  different 
from  the  control  (P  <  0.05  by  Student’s  t  test), 
while  only  PDE  activity  of  IBMX-treated  cells 
was  significantly  different  from  the  control. 


pressed  CREB  protein  (CRE-binding  protein;  provided  by 
Richard  Goodman,  Vollum  Institute,  Portland,  OR)  was 
observed  (not  shown).  In  the  competitive  assay,  where  the 
binding  of  ER  to  radiolabeled  consensus  EREs  was  done  in 
the  presence  of  increasing  amounts  (up  to  400-fold  excess)  of 
unlabeled  CRE  monomer  or  CRE  dimer,  no  competition  at  all 
was  observed,  suggesting  no  interaction  of  ER  with  the  CREs 
(not  shown);  however,  with  unlabeled  ERE,  a  5-fold  molar 
excess  gave  nearly  complete  competition. 

DISCUSSION 

Three  pieces  of  evidence  indicate  that  the  cAMP  stimulation 
by  estrogen  and  antiestrogens  is  mediated  by  a  high-affinity 
hormone  binder,  possibly  the  ER:  first,  the  steroid  specificity 
and  relative  effectiveness  of  different  estrogens  in  stimulation 
of  cAMP  (Table  1);  second,  the  low  concentrations  of  E2 
needed  for  the  cAMP  stimulation  response  (Fig.  2),  with  a 
half-maximum  approximately  that  of  the  Kd  for  E2  binding  to 
ER;  and  third,  the  stimulation  by  estrogen  of  increased 
intracellular  cAMP  in  ER-containing  cells  with  little  or  no 
stimulation  in  cells  lacking  significant  numbers  of  ERs  (such 
as  ER-negative  231  breast  cancer  cells  and  3T3  mouse 
fibroblast  cells,  data  not  presented). 

The  implications  of  these  observations  may  be  significant. 
They  suggest  that  estrogens  and  antiestrogens,  by  increasing 
cAMP  within  target  cells,  may  modulate  expression  of 
cAMP-regulated  genes  and  thereby  possibly  influence  other 


cAMP-regulated  bioactivities.  Although  our  studies  docu¬ 
ment  an  increase  in  adenylate  cyclase  activity  stimulated  by 
estrogen,  the  mechanism  by  which  estrogen  enhances  ade¬ 
nylate  cyclase  activity  remains  to  be  determined.  It  is  of  note 
that  almost  all  responses  to  estrogen,  even  early  ones  such  as 
the  induction  of  creatine  kinase  B,  require  RNA  synthesis, 
with  some  later  responses  to  estrogen  also  often  requiring 
prior  protein  synthesis  (30,  31).  Therefore,  the  cAMP  in¬ 
crease  evoked  by  estrogen  is  unusual  in  that  prior  RNA  and 
protein  synthesis  are  not  required.  It  is  also  of  interest  that 
both  estrogens  and  antiestrogens  have  stimulatory  effects  on 
cellular  cAMP  levels  and  enhance  CRE-mediated  gene  tran¬ 
scription.  Both  categories  of  ligands  also  increase  ER  phos¬ 
phorylation,  and  for  both  end-points,  E2  is  somewhat  more 
stimulatory  than  the  antiestrogens  (14,  19,  20).  By  contrast, 
antiestrogens  fail  to  stimulate,  or  stimulate  only  weakly,  the 
transcription  of  genes  containing  EREs,  which  are  strongly 
activated  by  estrogen  (refs.  13,  14,  and  23  and  references 
therein). 

The  clear  change  in  adenylate  cyclase  activity  in  response 
to  estrogen  suggests  a  possible  membrane  action  of  this 
hormone,  an  aspect  that  will  require  further  study.  There  is 
now  evidence  for  ER-like  binding  sites  for  estrogens  (32)  and 
glucocorticoid  receptor-like  binding  sites  for  glucocorticoids 
in  the  cell  membrane  (33).  Earlier  work  (34)  and  more  recent 
studies  (35)  have  provided  evidence  for  ER-like  sites  in  the 
membrane  and  cytoplasmic  portion  of  the  cell  that  do  not 
appear  to  translocate  into  the  nuclear  compartment.  In  the 
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Fig.  4.  Induction  of  CRE-mediated  CAT  activity  by  E2,  cAMP,  TOT,  and  ICI  164,384  (ICI).  (Left)  Uterine  cells  (Left  Upper )  or  MCF-7 
cells  (Left  Lower)  were  transfected  with  the  reporter  plasmid  SRIF-CAT  plus  an  internal  control  plasmid  that  expresses  B-galactosidase 
Treatments  were  control  vehicle  (C),  1  nM  E2,  1  pM  ICI  164,384  (ICI),  1  pM  TOT,  0.1  mM  8-Br-cAMP  (cAMP),  or  CT  at  1  p,g/ ml.  Cells  were 
harvested  after  24  hr,  and  extracts  were  assayed  for  /3-gal  activity  to  normalize  for  transfection  efficiency.  Autoradiograms  show  CAT  activity 
from  transfected  cells  after  the  indicated  treatments.  (Center  and  Right)  Summary  of  CAT  data  from  uterine  cells  (Center)  and  MCF-7  cells 
(Right).  Bars  represent  the  mean  and  range  from  two  experiments.  All  treatment  values  are  significantly  different  from  the  control  with  P  < 
0.05  by  Student’s  t  test. 
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Fig.  5.  Stimulation  of  CAT  activity  by  estrogen  and  cAMP  on 
target  reporter  genes  containing  minimal  CREs.  (Upper)  Uterine 
cells  were  transfected  with  plasmid  DNA  containing  either  the 
promoter  of  the  pS2  gene  linked  to  the  CAT  gene  (pS2-CAT)  or  the 
pS2-CAT  construct  containing  a  single  consensus  CRE  placed  up¬ 
stream  of  the  promoter  (CRE-pS2-CAT)  plus  an  internal  control 
plasmid  that  expresses  /3-galactosidase.  (Lower)  Uterine  cells  were 
transfected  with  plasmid  DNA  containing  either  the  distal  promoter 
of  the  rat  PR  gene  linked  to  the  CAT  gene  (PRd-CAT),  or  the 
PRd-CAT  construct  containing  a  consensus  CRE  placed  directly 
upstream  from  the  PR  promoter  (CRE-PRd-CAT)  plus  an  internal 
control  plasmid  expressing  /3-galactosidase.  Cells  were  treated  for  24 
hr  with  control  vehicle  (C),  1  nM  E2,  or  0.1  mM  8-bromo-cAMP 
(cAMP).  Cell  extracts  analyzed  for  CAT  activity  contained  equal 
amounts  of  0-galactosidase  activity.  Autoradiograms  show  the  CAT 
activity  from  transfected  cells. 

case  of  the  steroid  hormone  progesterone,  the  evidence  is  for 
relatively  high-affinity  binding  sites  in  the  membrane  with 
ligand  binding  selectivity  and  other  properties  clearly  differ¬ 
ent  from  that  of  intracellular  PRs  (36).  In  addition,  several 
recent  reports  present  clear  evidence  for  other  nongenomic 
effects  of  E2  and  of  vitamin  D  (37). 

Considerable  recent  data  indicate  the  modulation  of  steroid 
hormone  receptor  action  by  cAMP  and  by  activation  of 
protein  kinase  A  as  well  as  protein  kinase  C  and  tyrosine 
kinase  pathways  (13-18, 21,  38,  39).  In  addition,  some  growth 
factors,  such  as  epidermal  growth  factor  and  insulin-like 
growth  factor  1,  which  may  act  via  alterations  in  signaling 
pathways  involving  protein  kinases,  have  been  shown  to 
mimic  some  of  the  effects  of  estrogen  (14,  40).  cAMP  has  also 
been  shown  to  be  an  important  modulator  of  ER  bioactivity, 
able  to  synergize  with  estrogen  in  enhancing  ER  transcrip¬ 
tional  activity  (13,  18).  Our  current  observations,  plus  the 
reports  that  vitamin  D  action  increases  intracellular  cGMP 
(41),  imply  a  possibly  broad  involvement  of  steroid  hormone 
action  on  cyclic  nucleotide  and  second-messenger  systems. 
Our  data  provide  evidence  for  extensive  two-way  cross  talk 
between  estrogen  and  cAMP  signaling  pathways:  in  one  way 
as  shown  previously  (13,  14),  cAMP  can  enhance  the  tran¬ 
scription  of  estrogen-regulated  genes  containing  EREs;  in  the 
other  way,  as  shown  here,  estrogens  can  act  via  the  cAMP 
system  to  regulate  cAMP-mediated  gene  expression.  The 


consequences  of  this  in  terms  of  understanding  the  biology 
and  regulation  of  estrogen-responsive  cells  seem  manifold. 
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ABSTRACT 

Hormonal  management  of  breast  cancer  is  confounded  by  an  almost 
inevitable  progression  of  cell  growth  from  a  steroid-regulated  to  a  steroid- 
autonomous  state.  We  have  experimentally  induced  this  progression  in  the 
estrogen  growth-responsive  MCF-7  human  breast  cancer  cell  line  by 
long-term  culture  in  the  absence  of  steroids.  After  an  initial  period  (10-12 
weeks)  of  slowed  growth  in  response  to  steroid  deprivation,  rapid,  steroid- 
independent  growth  rates  were  consistently  established.  In  these  cells, 
which  contained  3-fold  elevated,  functional  estrogen  receptor  levels  (as 
determined  by  induction  of  PgR  and  transactivation  of  a  transiently 
transfected  estrogen-responsive  gene  construct),  antiestrogens  still  effec¬ 
tively  suppressed  cell  proliferation,  although  estrogens  only  minimally 
increased  the  proliferation  rate.  Depletion  of  steroids  from  the  growth 
media  also  resulted  in  a  marked  (70-80%)  transient  decrease  in  trans¬ 
forming  growth  factor  (TGF)  a  mRNA  and  TGF-a  protein  production  at 
2  weeks  that  was  followed  by  a  progressive,  partial  return  to  the  initial 
parental  TGF-a  mRNA  and  protein  levels.  In  contrast,  the  mRNAs  for 
TGF-/31,  -02,  and  -03  and  bioactive  TGF-/3  proteins  transiently  increased 
(3-10-fold)  at  2  to  10  weeks  of  steroid  deprivation  and  then  returned  by  24 
weeks  to  the  lower  levels  of  the  parental  MCF-7  cells.  These  results  suggest 
that  the  cells  acquired  steroid-independent  means  to  regulate  the  produc¬ 
tion  of  these  peptides.  The  long-term  steroid-deprived  sublines  showed  a 
loss  of  regulation  of  proliferation  by  TGF-a  or  anti-TGF-a  antibodies  and 
a  10-fold  decrease  in  sensitivity  to  the  growth-suppressive  effects  of  TGF- 
pl,  despite  little  change  in  receptor  levels  for  these  factors.  The  dimin¬ 
ished  contributions  of  TGF-a  and  TGF-ps  to  the  regulation  of  cell  pro¬ 
liferation  in  long-term  steroid-deprived  MCF-7  breast  cancer  cells  suggest 
that  the  TGFs  do  not  act  as  major  growth  regulators  in  these  estrogen- 
autonomous  sublines.  However,  the  marked,  transient  alterations  in  the 
levels  of  these  growth  factors  indicate  that  they  may  play  a  role  in  the 
events  which  accompany  the  progression  from  estrogen-responsive  to 
estrogen-autonomous  growth.  In  addition,  continued  exposure  to  estrogen 
may  be  needed  for  the  long-term  maintenance  of  cell  responsiveness  to 
these  TGFs. 


INTRODUCTION 

The  almost  inevitable  shift  from  the  estrogen-dependent  growth 
character  of  early  stage  breast  cancer  to  an  estrogen-independent 
growth  phenotype  is  correlated  with  increased  tumor  aggressiveness 
and  metastatic  potential  and  decreased  patient  survival.  Few  models 
exist  for  the  study  of  this  transition.  We  have  reported  previously  that 
long-term  steroid-deprivation  of  the  hormone-dependent  MCF-7 
breast  cancer  cell  line  resulted  in  the  ability  of  these  cells  to  form 
estrogen-independent  tumors  in  nude  mice  and  the  acquisition  of  a 
more  invasive  phenotype  in  a  subline  selected  in  vivo  (1).  Thus, 
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long-term  steroid-deprived  MCF-7  sublines  appear  to  be  appropriate 
models  for  the  study  of  breast  cancer  progression. 

In  the  present  study,  we  expand  our  investigation  of  this  model  to 
characterize  the  role  of  TGF3-a  and  the  TGF-j3s  during  the  time 
period  in  which  MCF-7  cells  progress  to  an  estrogen-autonomous 
growth  state.  It  has  been  hypothesized  that  growth  factor  autocrine 
loops  may  have  supplanted  estrogen-mediated  mitogenic  pathways  in 
more  progressed  breast  tumors  (2).  The  known  mitogenic  and  angio¬ 
genic  regulating  properties  of  the  TGFs  make  them  good  candidates  in 
this  capacity. 

Experiments  using  exogenous  TGF-a  or  anti-TGF-a  antibodies 
have  demonstrated  that  TGF-a  is  a  growth-promoting  autocrine  reg¬ 
ulator  in  a  number  of  cancer  cell  lines  (2,  3).  Furthermore,  TGF-a 
mRNA  levels  have  been  found  to  be  elevated  in  estrogen-independent, 
as  compared  to  estrogen-dependent,  human  breast  cancer  cell  lines 
(4),  and  overexpression  of  TGF-a  has  been  shown  to  function  as  a 
transforming  oncogene  in  cell-specific  (5,  6)  and  pregnancy-specific 
(7,  8)  contexts.  Since  the  expression  of  this  mRNA  is  modulated  by 
ligand-mediated  up-regulation  and  by  phorbol  esters  (9, 10),  as  well  as 
by  the  estrogen  receptor  (4, 11),  it  responds  to  steroid-independent  as 
well  as  steroid-dependent  signaling  pathways.  Thus,  TGF-a  may 
modulate  cell  proliferation  in  the  absence  of  estrogen-regulated 
growth  as  well  as  in  its  presence. 

The  TGF-]3s  have  been  most  frequently  identified  as  negative 
autocrine  regulators  in  breast  neoplasms  and  cell  lines,  including  the 
MCF-7  cell  line  (12, 13).  The  TGF-j3s  have  been  shown  to  be  elevated 
in  more  aggressive  cancers  (14,  15),  and  Arteaga  et  al  (16)  recently 
reported  that  introduction  of  TGF-01  cDNA  into  MCF-7  cells  resulted 
in  the  formation  of  estrogen-independent  tumors  in  nude  mice.  Like 
TGF-a,  TGF-j3  expression  has  been  found  to  be  regulated  by  steroidal 
(17)  as  well  as  nonsteroidal  (18)  mechanisms.  This  finding,  in  com¬ 
bination  with  the  known  growth-regulating  potential  of  these  factors 
and  their  often  aberrant  production  in  breast  cancers,  suggest  that 
these  peptides  might  function  as  possible  mediators  of  events  that 
accompany  the  progression  from  estrogen-responsive  to  estrogen- 
autonomous  growth  in  breast  cancer.  Our  goal  in  this  work  was  to 
evaluate  alterations  in  TGF-a  and  TGF-/3  expression  and  in  mitogenic 
sensitivity  to  these  factors  during  the  progression  of  MCF-7  cells  to 
estrogen- autonomous  growth. 

MATERIALS  AND  METHODS 

Materials.  Radioinert  estradiol  and  R5020  (promegestone;  17,21 -dimeth- 
yl-19-nor-pregna-4,9-diene-3,20-dione),  bovine  insulin,  hydrocortisone,  nutri¬ 
tional  supplements  for  growth  in  serum-free  conditions,  protease  inhibitors, 
and  sera  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO),  trans- 
Hydroxytamoxifen  and  ICI  164,384  were  generously  provided  by  ICI  Phar¬ 
maceuticals  (Macclesfield,  England).  Tissue  culture  media  and  antibiotics 


3  The  abbreviations  used  are:  TGF,  transforming  growth  factor;  cDNA,  complemen¬ 
tary  DNA;  ER,  estrogen  receptor;  MEM,  phenol  red-containing  Eagle’s  minimal  essential 
medium;  IMEM,  phenol  red-free  Richter’s  improved  minimal  essential  medium;  PgR, 
progesterone  receptor;  FCS,  fetal  calf  serum;  CDFCS,  charcoal-dextran-treated  FCS; 
BSA,  bovine  serum  albumin;  HBSS,  Hanks’  balanced  salt  solution;  CAT,  chloramphenicol 
acetyltransferase;  E2,  estradiol;  EGF,  epidermal  growth  factor. 
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were  purchased  from  GIBCO  (Grand  Island,  NY).  Tritiated  estradiol  (2, 4,6,7- 
[3H]N-estradiol),  tritiated  R5020  (17a-methyl-[3H]promegestone),  and 
[125I]TGF-/31  were  purchased  from  New  England  Nuclear  Corp.  (Boston, 
MA),  and  [methyl-3U] thymidine  was  purchased  from  ICN  (Costa  Mesa,  CA). 
The  ER-specific  antibody  H222  was  generously  provided  by  Geoffrey  L. 
Greene,  University  of  Chicago.  Activated  human  recombinant  TGF-01  was 
purchased  from  R&D  Systems  (Minneapolis,  MN),  and  TGF-a  was  purchased 
from  Intergen  Co.  (Purchase,  NY)  and  United  States  Biochemical  Corp. 
(Cleveland,  OH).  Anti-TGF-a  antibody  was  purchased  from  Oncogene  Sci¬ 
ence  (Uniondale,  NY);  control  antibody  was  purchased  from  Zymed  Immu- 
nologicals  (South  San  Francisco,  CA).  RNase  protection  assay  supplies  and 
protocols  were  purchased  from  Ambion  Corp.  (Austin,  TX).  TGF-a,  -/31,  -0 2, 
and  -03  cDNAs  and  gene  constructs  were  generously  provided  by  Rik  Derynck 
(Genentech,  Inc.,  South  San  Fransisco,  CA). 

Cell  Culture.  MCF-7  human  breast  cancer  cells  were  acquired  from  the 
Michigan  Cancer  Foundation;  cells  between  passage  numbers  150-300  were 
used  in  these  studies.  Parent  MCF-7  cells  were  routinely  cultured  in  MEM 
supplemented  with  5%  heat-inactivated  FCS,  10-12  m  estradiol,  10  mM  4-(2- 
hydroxyethyl)-l-piperazineethanesulfonic  acid  buffer,  6  ng/ml  insulin,  100 
units/ml  penicillin,  100  /xg/ml  streptomycin,  and  50  /xg/ml  gentamicin.  To 
generate  long-term  steroid-deprived  MCF-7  sublines,  cells  were  switched  from 
standard  estrogenic  conditions  to  5%  CDFCS  in  MEM  containing  phenol  red. 
After  2  weeks,  the  sublines  were  switched  to  estrogen-free  growth  media 
containing  5%  CDFCS  in  IMEM.  Steroid-deprived  sublines  were  thereafter 
routinely  maintained  in  this  growth  medium.  Cells  were  subcultured  weekly  at 
near  confluence  using  1  mM  EDTA  prepared  in  HBSS,  and  media  were 
replenished  every  other  day. 

Cell  Proliferation  Studies.  Steroid-deprived  cells  prepared  as  described 
above  were  grown  in  5%  CDFCS  IMEM  without  insulin  for  5  days  prior  to  the 
experiment.  Cells  were  seeded  at  150,000  cells/T25  flask;  after  2  days,  Day  0 
flasks  were  counted,  and  the  media  in  triplicate  flasks  were  replaced  with  7.5% 
CDFCS  IMEM  and  treatments.  Media  were  changed  every  2  days,  and  cells  in 
logarithmic  phase  were  harvested  on  Day  6  and  counted  in  a  Coulter  particle 
counter  (Hialeah,  FL). 

Whole-Cell  Hormone  Binding  Assays.  Whole-cell  ER  and  PgR  binding 
assays  were  modified  from  that  of  Maclndoe  et  al  (19)  as  described  previously 
(20).  Cells  were  grown  in  5%  CDFCS  IMEM  without  insulin  and,  for  PgR 
studies,  with  and  without  estradiol  as  indicated.  One  million  cells/tube  were 
incubated  with  10  nM  [3H]estradiol  or  [3H]R5020  in  the  absence  or  presence  of 
a  100-fold  excess  of  unlabeled  ligand  and  for  PgR  studies,  with  3.75  ng/ml 
hydrocortisone.  After  incubating  at  37°C  for  30  min,  cells  were  washed  twice 
with  1%  Tween-80  in  phosphate-buffered  saline,  and  bound  radiolabeled 
ligand  was  counted  in  a  scintillation  counter. 

Western  Blot  Analysis.  Cells  at  subconfluence  were  harvested,  pelleted, 
and  resuspended  in  50  mM  Tris  (pH  7.4),  7.5  mM  EDTA,  0.6  M  NaCl,  10% 
glycerol,  and  20  mM  sodium  molybdate  in  the  presence  of  proteinase  inhibitors 
(0.5  mg/ml  leupeptin,  50  mg/ml  pepstatin  A,  and  1  mM  phenylmethylsulfo- 
nylfluoride)  and  homogenized  on  ice.  Samples  were  centrifuged  for  25  min  at 
46,000  rpm,  and  the  protein  content  in  the  supernatants  was  determined  by 
BCA  assay  (Pierce  Chemical  Co.,  Rockford,  IL).  Samples  (150  /xg)  were 
boiled  for  5  min  in  loading  buffer,  separated  on  an  sodium  dodecyl  sulfate 
polyacrylamide  gel  and  transferred  to  nitrocellulose.  Blots  were  incubated 
sequentially  with  ER-specific  antibody  H222,  a  bridging  rabbit  anti-rat  IgG, 
and  finally  with  [125I]protein  A  and  then  exposed  to  film  (21). 

[3H]Thymidine  Incorporation  Studies.  Cells  were  seeded  at  2000  cells/ 
well  in  24-well  dishes.  Two  or  three  days  later,  the  wells  were  washed  in 
serum-free  media  for  2  h  and  then  treated  in  serum-supplemented  or  in 
serum-free  IMEM  with  1  /xg/ml  fibronectin,  2  /xg/ml  transferrin,  and  1:100 
dilution  of  trace  elements.  After  3  or  4  days  without  media  changes,  the  cells 
were  incubated  with  0.5  mCi  methyl[3H]thymidine  at  37°C  for  2  h.  Plates  were 
sequentially  washed  and  fixed  with  ice-cold  phosphate-buffered  saline,  10% 
trichloroacetic  acid  (2X),  and  methanol,  and  incorporated  label  was  then 
recovered  by  incubation  of  the  wells  in  0.5  n  NaOH  for  30  min  at  37°C. 
Lysates  were  transferred  to  vials  containing  ScintiVerse  cocktail  (Fisher  Sci¬ 
entific),  and  [3H]thymidine  radioactivity  was  determined  in  a  scintillation 
counter. 

TGF-a  and  TGF-0  Protein  Determinations.  Subconfluent  layers  in 
T150  flasks  were  washed  three  times  for  1  h  in  serum-free  media  and  then 
incubated  in  serum-free  media  supplemented  with  2  /xg/ml  transferrin,  1  /xg/ml 


fibronectin,  and  1:100  trace  elements  for  48  h.  For  the  TGF-0  assay,  BS/\  was 
added  to  a  final  concentration  of  0.5  mg/ml  conditioned  media,  and  the 
samples  were  snap  frozen  and  later  tested  for  the  ability  to  inhibit  [3H]  thymi¬ 
dine  incorporation  by  Mv  1  Lu  (mink  lung)  epithelial  cells.  Active  and  total 
TGF-0  bioactivity  was  kindly  determined  by  Anita  Roberts  and  Nan  Roche 
(National  Cancer  Institute,  Bethesda,  MD).  For  the  TGF-a  radioimmunoassay, 
conditioned  media  was  collected,  proteinase  inhibitors  (leupeptin,  PMSF, 
aprotinin,  and  pepstatin)  were  added,  and  samples  were  dialyzed  three  times 
against  distilled  water  over  a  period  of  2  days  at  4°C.  Samples  were  then 
lyophilized,  and  resuspensions  were  assayed  in  a  TGF-a  radioimmunoassay  kit 
(Biomedical  Technologies,  Inc.,  Stoughton,  MA)  as  directed. 

Isolation  of  mRNA.  Isolation  of  total  RNA  from  near  confluent  monolay¬ 
ers  of  cells  was  performed  using  guanidinium  thiocyanate-phenol-chloroform 
extraction  according  to  the  method  of  Chomczynski  and  Sacchi  (22)  with  some 
modifications  (21).  RNA  concentration  and  purity  was  determined  by 
absorbance  at  260  and  280  nm. 

Ribonuclease  Protection  Assay.  Ten  to  20  /xg  of  RNA  was  coprecipitated 
with  in  vz/ro-transcribed,  gel-purified  complementary  RNA  labeled  with  phos- 
phorus-32  and  resuspended  in  80%  formamide/0.1  m  sodium  citrate  (pH 
6.4)/0.3  M  NaOAc  (pH  6.4)/l  mM  EDTA.  Samples  were  heated  to  85°C  for  5 
min  and  hybridized  overnight  at  45°C.  Unhybridized  total  RNA  and  probe  was 
digested  in  a  final  concentration  of  5  units/ml  RNase  A  and  1000  units/ml 
RNase  T1  for  30  min  at  37°C.  The  sizes  of  protected  fragments  were  confirmed 
by  comparison  to  a  lane  loaded  with  a  0.16-1.77  kilobases  RNA  ladder 
(GIBCO).  The  probes  used  were  a  168-base  pair  Ncol  segment  of  TGF-a 
cDNA  (23),  a  240-base  pair  Mboll  segment  of  TGF-01  cDNA  (24),  a  Hpal 
segment  of  TGF-02/sp72  cDNA  (25),  and  a  125-base  pair  Ndel  segment  of 
TGF-03  cDNA  (26).  A  99-base  pair  Mboll  segment  or  68-base  pair  Sfanl 
segment  of  human  acidic  phosphoprotein  PO  (36B4;  Ref.  27)  was  used  as  an 
internal  control  as  described  previously  (28).  We  did  not  find  any  changes  in 
the  level  of  expression  of  36B4  mRNA  in  the  sublines  used  in  this  paper. 

[12SI]TGF-01  Binding  Assay.  Cells  at  3.0 -3.6  X  105  cells/well  in  24-well 
plates  (75-90%  confluent)  were  washed  three  times  over  1  h  with  serum-free 
media  supplemented  with  0.1%  BSA  and  were  then  incubated  with  10“ 10  M 
[125I]TGF-01,  with  and  without  a  100-fold  excess  of  radioinert  TGF-01,  for  45 
min.  Cells  were  then  washed  four  times  with  ice-cold  HBSS  (with  0.1%  BSA) 
and  solubilized  with  1%  Triton  X-100,  20  mM  4-(2-hydroxyethyl)-l-pipera- 
zineethanesulfonic  acid  (pH  7.4),  10%  glycerol,  and  0.01%  BSA  for  15  min  at 
37°C.  Solubilized  fractions  were  counted  in  a  gamma  counter. 

Transient  Transfections  and  CAT  Assays.  Two  days  after  plating  at 
3  X  106  cells  per  100-mm  dish,  cells  were  transfected  by  the  calcium  phos¬ 
phate  precipitation  method  (29).  Three  /xg  of  a  construct  containing  the 
consensus  estrogen  response  element  linked  to  a  thymidine  kinase  promoter 
and  the  CAT  gene  (ERE-TK-CAT)  were  cotransfected  with  0.5  /xg  of  the 
internal  control  plasmid,  CMV.0-gal,  and  11.5  /xg  of  the  carrier  DNA,  pTZ19. 
After  6  h  incubation  at  37°C,  cells  were  incubated  for  3  min  with  20%  glycerol 
in  2%  CDFCS  IMEM,  washed  with  HBSS,  and  then  treated  for  24  h  in  fresh 
media.  Cells  were  harvested  in  cold  40  mM  Tris  (pH  7.5),  140  mM  NaCl,  and 
1.5  mM  EDTA  and  centrifuged;  then  cell  extracts  were  prepared  by  three  quick 
freeze-thaw  cycles  in  250  mM  Tris  (pH  7.5).  The  mixed-phase  CAT  assay  was 
performed  as  described  previously  (30).  Fold  inductions  within  each  assay 
were  normalized  against  0-galactosidase  activity  (31,  32). 

RESULTS 

Generation  and  Steroid  Responsiveness  of  Long-term,  Steroid- 
deprived  MCF-7  Sublines.  In  order  to  monitor  the  progression  of  the 
MCF-7  cells  to  an  estrogen-autonomous  growth  state,  we  transferred 
MCF-7  parent  cells  from  estrogen-supplemented  medium  containing 
phenol  red  and  FCS  to  steroid-depleted,  phenol  red-free  medium 
containing  CDFCS.  The  growth  rate  slowed  from  doubling  times  of 
1.4  to  4.0  days  at  2  weeks  of  steroid  deprivation.  Cells  showed  even 
slower  doubling  rates  between  3  and  8  weeks  (data  not  shown)  and 
subsequently  regained  a  rapid  growth  rate  of  1.6  days  by  13  weeks 
(Fig.  1A).  This  rate  was  observed  reproducibly  and  found  to  be 
maintained  during  at  least  150  weeks  of  steroid  deprivation. 

The  growth  rate  of  short-term  (2-week),  steroid-deprived  cells  was 
dramatically  increased  by  treatment  with  estrogen  (to  1.1  versus  4.0 
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Fig.  1.  A,  basal  growth  rates  of  steroid-deprived  MCF-7  cells.  Values  were  determined 
from  triplicate  subconfluent  flasks  of  cells  and  are  expressed  as  doubling  times  in  days. 
B,  growth  responsiveness  of  steroid-deprived  MCF-7  cells  to  estrogen  and  antiestrogen. 
Cells  were  grown  in  steroid-deprived  cell  culture  medium  for  the  weeks  indicated  and 
were  then  treated  with  control  vehicle  (0.1%  ethanol),  10  9  m  estradiol  (E2),  or 
3  X  10 "7  m  ICI  164,384  (ICI),  alone  or  in  combination.  Cell  number  was  determined 
on  Day  6  of  treatment;  values  are  expressed  as  a  percentage  of  control  cell  number/ 
flask.  In  (A)  and  ( B ),  values  are  the  mean  of  three  determinations  and  are  represent¬ 
ative  of  at  least  three  experiments;  bars,  SEM. 


Table  1  ER  content  of  MCF-7  cells  maintained  for  different  periods  of  time  in  steroid- 
deprived  cell  culture  medium 

Receptor  content  was  determined  by  whole-cell  hormone  binding  assay  (n  =  3; 
mean  ±  SEM)  or  Western  blot  analysis  of  immunoreactive  ER  in  fractionated  cellular 
protein  detected  by  binding  of  the  ER-specific  monoclonal  antibody  H222  (mean  and 
range  of  two  separate  experiments).  _ 


Time  of  steroid 
deprivation  (wks) 

[3H]E2-bound/106  cells 
(fmol) 

Immunoreactive 

ER  (%) 

2 

59.7  ±  4.6 

100  ±11 

8 

105.7  ±  2.2 

165  ±7 

24 

183.6  ±11.1 

ND" 

75 

163.4  ±4.3 

315  ±  43 

"  ND,  not  determined. 


tk-CAT;  Table  2).  Both  short-  and  long-term,  steroid- deprived  cells 
showed  similar  dose-responses  and  magnitudes  of  response.  The 
antiestrogens  ICI  164,384  and  LY  117,018  (10~6  m)  evoked  little  if 
any  reporter  gene  activity  in  the  2-week  steroid-deprived  MCF-7  cells, 
as  expected,  as  well  as  in  the  100-week  steroid-deprived  MCF-7  cells 
(Table  2).  The  partial  agonist,  Jraws-hydroxytamoxifen  (10“6  m), 
showed  weak  stimulation  of  CAT  activity  in  both  short-  and  long-term 
steroid-deprived  MCF-7  cells.  The  three  antiestrogens  substantially 
reduced  the  stimulation  by  E2  (Table  2). 

Expression  of  TGF-a  in  MCF-7  Cells  in  Response  to  Steroid 
Withdrawal.  To  characterize  the  potential  role  of  TGF-a  in  cell 
progression,  expression  of  TGF-a  mRNA  in  short-  and  long-term 
steroid-deprived  MCF-7  cells  was  evaluated.  TGF-a  mRNA  levels 
decreased  by  66%  in  response  to  growth  in  short-term  (2-week), 
steroid-depleted  conditions  (Fig.  3A).  TGF-a  mRNA  levels  then 


(WEEKS) 


day  doubling  time;  Fig.  15).  In  contrast,  estrogen  treatment  of  the  13-, 
24-,  or  75-week  steroid-withdrawn  cells  stimulated  only  modest 
(—200%)  increases  in  cell  number.  The  minimal  stimulation  of  the 
growth  of  long-term,  steroid-deprived  sublines  by  estradiol  is  presum¬ 
ably  due  to  the  near-maximal  rate  of  cell  division  obtained  by  these 
cells  under  steroid-deprived  conditions.  The  growth-inhibitory  effect 
of  antiestrogen  was  evident,  however,  at  all  stages  of  steroid  depri¬ 
vation.  The  antiestrogen,  ICI  164,384  (ICI),  suppressed  markedly  the 
growth  rate  of  all  sublines  and  was  able  to  substantially  reverse  the 
growth  stimulatory  effect  of  the  estradiol  treatment. 

Maintenance  of  Functional  Estrogen  Receptor  and  Markers  of 
Estrogen  Responsiveness  in  Steroid-withdrawn  MCF-7  Cells.  ER 
levels  of  60  fmol/106  cells  at  2  weeks  of  steroid  deprivation  increased 
177%  at  8  weeks  and  approximately  300%  at  21  and  75  weeks  (184 
and  163  fmol/106  cells,  respectively)  of  steroid  withdrawal  (Table  1). 
This  increase  in  ER  level  determined  by  hormone  binding  was  con¬ 
firmed  by  Western  blot  analysis  (Table  1).  We  have  reported  previ¬ 
ously  that  the  increase  in  ER  levels  in  response  to  long-term  estrogen 
deprivation  was  not  accompanied  by  alterations  in  ER  binding  affinity 
or  specificity  (1,  20). 

Two  markers  of  estrogen  responsiveness  were  used  in  order  to 
determine  whether  ER  remained  functional  in  steroid-deprived 
MCF-7  cells.  First,  we  monitored  induction  of  PgR  by  estrogen 
(10~14  m-10  10  m  E2)  and  observed  similar  dose-response  curves  and 
comparable  levels  of  estradiol-induced  PgR  in  short-  and  long-term, 
steroid-deprived  cells  (Fig.  2).  Second,  we  studied  the  ability  of 
estrogen  (10-13  m-ICT7  m  E2)  to  induce  CAT  activity  from  an 
estrogen  response  element-containing  reporter  gene  construct  (ERE- 


Fig.  2.  Induction  of  PgR  content  in  parental  and  steroid-deprived  MCF-7  cells  as 
determined  by  whole-cell  hormone  binding  assay.  A,  MCF-7  cells  steroid-deprived  for  0, 
2,  8,  24,  or  75  weeks  were  treated  with  10~10  m  E2  for  4  days.  B,  MCF-7  cells 
steroid-deprived  for  2  or  75  weeks  were  treated  with  ethanol  vehicle  or  E2  at  the 
concentrations  indicated  for  4  days.  Values  in  (A)  and  ( B )  are  the  mean  of  triplicate  flasks 
from  two  experiments.  Bars,  SEM. 


Table  2  Transactivation  of  ERE-tk-CAT,  a  reporter  plasmid  containing  a  consensus 
estrogen  response  element  linked  to  the  Herpes  simplex  virus  thymidine  kinase 
promoter  and  the  CAT  reporter  gene 

ERE-tk-CAT  was  cotransfected  into  2-  or  100-week  steroid-deprived  MCF-7  cells, 
along  with  an  internal  control  plasmid  containing  the  lac-Z  gene;  and  cells  were  treated 
with  the  ligands  indicated  for  24  h.  The  calculated  fold  increase  in  the  CAT  activity  of 
each  group  was  normalized  for  the  jB-galactosidase  activity.  Values  are  the  mean  ±  SEM 
of  at  least  three  experiments.  _ _ 


Fold  increase  in  CAT  activity 

(control  - 

1) 

Time  of  steroid  deprivation 

Treatment 

2  weeks 

100  weeks 

lO"13  M  E2 

7.9  ±0.5 

4.9  ±  3.0 

10"11  M  E2 

13.2  ±3.1 

11.3  ±0.3 

10"10  M  E2 

40.6  ±  2.4 

36.6  ±5.4 

10-’  M  E2 

52.1  ±  1.7 

47.0  ±  2.0 

10  ^  M  E2 

53.5  ±  2.0 

58.1  ±  3.2 

10“6  m  ICI  164,384 

0.9  ±0.1 

1.8  ±  0.6 

10"6  m  LY  117,018 

2.6  ±  1.0 

5.0  ±  1.0 

10"6  m  TOT" 

6.1  ±  1.7 

15.8  ±5.1 

10"9  m  E2  +  10“6  ICI 

13.0  ±  1.0 

20.5  ±  5.5 

10"9  m  E2  +  10"6  LY 

14.0  ±  1.0 

13.2  ±5.4 

10“9  m  Es  +  10"6  TOT 

9.8  ±0.1 

23.9  ±  11.0 

"TOT,  frans-hydroxytamoxifen;  ICI,  ICI  164,384;  LY,  LY  117,018. 
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B. 


TIME  OF  STEROID 
DEPRIVATION  (weeks) 

0 

2 

125 


TGFa  SECRETED  PROTEIN 
ng/107 cells/48  h 


1.45  ±  0.05 
0.23  ±  0.02 
0.49  ±  0.08 


Fig.  3.  A,  expression  of  TGF-a  in  MCF-7  cells  in  response  to  steroid  deprivation.  RNA 
was  isolated  from  parent  MCF-7  cells  (Time  0)  and  from  steroid-withdrawn  sublines  all 
grown  to  subconfluence.  Ten  to  20  jxg  of  total  RNA  were  cohybridized  with  the  probes 
for  TGF-a  and  36B4  in  a  RNase  protection  assay.  Autoradiograms  at  several  exposures 
were  quantified  on  a  densitometer  and  normalized  against  the  internal  control,  36B4* 
shown  is  one  such  autoradiogram.  Values  obtained  were  the  mean  from  three  experiments; 
bars,  SEM.  The  expression  of  TGF-a  mRNA  in  2-week  steroid-deprived  MCF-7  cells  is 
arbitrarily  designated  as  having  a  value  of  1.0  (*).  The  relative  expression  of  TGF-a 
mRNA  in  2-,  10-,  24-,  and  75-week  steroid-deprived  cells  differed  significantly  from  the 
0-week  steroid-deprived  cells  (P  <  0.05);  only  the  relative  expression  of  TGF-a  mRNA 
in  75 -week  steroid-deprived  cells  differed  significantly  from  the  2-week  steroid-deprived 
cells  at  P  <  0.05.  For  comparison,  the  levels  of  TGF-a  mRNA  in  MDA-231  and  T47D 
breast  cancer  cells  are  shown.  B,  conditioned  media  were  collected  over  a  period  of  48  h, 
dialyzed,  and  lyophilized;  and  resuspensions  were  assayed  for  TGF-a  protein  in  a 
radioimmunoassay.  Values  represent  the  mean  ±  SEM 


progressively  increased  over  time.  At  75  weeks  of  steroid  deprivation, 
the  level  of  TGF-a  mRNA  expression  was  approximately  2-fold 
higher  than  that  in  the  short-term,  steroid-deprived  cells  but  was  still 
significantly  below  that  of  the  parental  MCF-7  cells.  These  alterations 
in  TGF-a  mRNA  levels  were  closely  mirrored  by  the  amount  of 
TGF-a  secreted  protein  produced  by  these  cells,  i.e.,  an  early  marked 
decrease  (from  1.45  ±  0.05  ng/107  cells/48  h  to  0.23  ±  0.02  ng/107 
cells/48  h)  followed  by  a  partial  restoration  (0.49  ±  0.08  ng/107 
cells/48  h)  of  the  TGF-a  secretion  rate  of  the  steroid-maintained 
parental  MCF-7  cells  (Fig.  3 B). 

We  also  examined  the  magnitude  of  up-regulation  of  TGF-a 
mRNA  by  estradiol  and  its  suppression  by  the  antiestrogen,  ICI 
164,384  after  brief  (4-day)  exposure  to  these  agents  in  2-,  10-,  and 
75-week  steroid-deprived  cells.  Dramatic  changes  in  the  level  of 
TGF-a  mRNA  by  these  agents  were  not  found  over  the  4-day  treat¬ 
ment  period,  but  the  modest  modulation  by  estradiol  and  antiestrogen 
was  similar  in  the  2-,  10-,  and  75-week  steroid-deprived  cells  (Fig.  4). 
E2  exposure  stimulated  120  to  145%  increases  in  TGF-a  mRNA 


(which  correlated  closely  with  secreted  TGF-a  protein  levels,  in  con¬ 
ditioned  media;  data  not  shown),  and  antiestrogen  treatment  reduced 
both  the  control  and  the  E2-stimulated  TGF-a  mRNA  level  in  the 
three  cell  sublines,  indicating  little  change  in  these  cells  in  short-term 
estrogen  and  antiestrogen  regulation  of  TGF-a  over  the  75  weeks  of 
steroid  deprivation. 

Mitogenic  Response  of  Steroid-deprived  MCF-7  Cells  to  Exog¬ 
enous  TGF-a,  Anti-TGF-a  Antibodies,  or  Estrogen.  As  shown  in 
Table  3  {Lines  1-3),  exogenous  TGF-a  induced  dose-dependent  in¬ 
creases  in  [3H]thymidine  incorporation  in  2-week  steroid- deprived 
MCF-7  cells;  a  maximal  stimulation  of  248  ±  5%  of  control  values 
was  observed.  Correspondingly,  anti-TGF-a  antibodies  (which  do  not 
cross-react  with  EGF)  induced  dose-dependent  decreases  in  [3H]thy- 
midine  incorporation  in  the  2-week  steroid-deprived  cells  (Table  3, 
Lines  4-7).  Cotreatment  with  TGF-a  and  anti-TGF-a  antibody  (Table 
3,  Line  8)  demonstrated  that  the  antibody  was  able  to  partially  block 
the  TGF-a-stimulated  increase  in  [3H]thymidine  incorporation.  Treat¬ 
ment  with  E2  (Table  3,  Line  9)  stimulated  a  marked  increase  in 
[3H]thymidine  incorporation  (2512  ±  9%  of  control)  in  the  2-week 
steroid-deprived  cells. 


10  75 


TIME  OF  STEROID  DEPRIVATION  (WEEKS) 

Fig.  4.  Regulation  of  TGF-a  mRNA  by  estrogen  and  antiestrogen  in  steroid-deprived 
MCF-7  cells.  Subconfluent  cultures  were  grown  in  5%  CDFCS  IMEM  medium  without 
phenol  red  and  were  treated  with  the  compounds  indicated  for  4  days.  Details  of  the 
methods  are  described  in  the  legend  for  Fig.  3A  and  in  “Materials  and  Methods.”  Values 
represent  the  mean  and  range  of  two  determinations. 


Table  3  [3 HJThymidine  incorporation  in  steroid-deprived  MCF-7  cells  in  response  to 
E2,  exogenous  TGF-a,  or  anti-TGF-a  antibodies 
Two  days  after  seeding  the  cells  at  2000  cells/well  in  24-well  dishes,  treatments  were 
added  in  serum-free  IMEM.  On  Day  4,  without  media  changes,  the  cells  were  incubated 
with  0.5  mCi  [methyl-  Hjthymidine  for  2  h  and  processed  as  described  in  “Materials  and 
Methods.” 


Treatment 

[3H]  Thymidine 
incorporation  (%  of 
control)0 

Time  of  steroid  deprivation 

TGF-a 

Anti-TGF-a 

e2 

2  Weeks 

75  Weeks 

(1)  10  ng/ml 

(2) 25 

(3)  100 

(4) 

(5) 

(6) 

(7) 

(8)  100 
(9) 

(10) 

10  ng/ml 

50 

150 

1000 

100 

100 

10'9m 

10-9m 

121  ±  4b 

133  ±  8* 

248  ±  5b 

93  ±4 

68  ±  3b 

52  ±  2b 
NDC 

169  ±  2b 
2512  ±  9b 
2388  ±  6b 

98  ±2 
116  ±4 
104  ±3 

95  ±5 

92  ±5 

98  ±3 

91  ±11 
104  ±6 

366  ±  9b 
447  ±  16b 

a  n  =  4;  mean  ±  SEM. 

Values  significantly  different  from  the  control  at  P  <  0.05  by  Student’s  t  test. 
ND,  not  determined. 
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A. 


TIME  OF  STEROID  DEPRIVATION  (Weeks) 


B.  TIME  OF  STEROID 
DEPRIVATION  (Weeks) 

0 

2 

125 


TGF-B  BIOACTIVITY 
pg/106  cells/48  h  %  Active 

51  ±10  30  ±13 

153  ±31  43  ±  5 

54  ±  3  9  ±  2 


Fig.  5.  A,  basal  expression  of  TGF-/31  (■),  TGF-/32  (•),  and  TGF-/33  (▲)  mRNA  in 
steroid-deprived  MCF-7  cells.  RNA  was  isolated  and  cohybridized  with  TGF-j31,  -j32,  or 
-fi3  cDNA  probe  and  with  36B4  internal  control  cDNA  probe.  RNase  protection  assays 
were  quantitated  by  densitometric  analyses  of  autoradiograms  as  described  in  “Materials 
and  Methods.”  Values  represent  the  average  of  two  experiments.  Shown  is  the  autora¬ 
diogram  of  one  such  analysis.  B,  total  and  percent  active  TGF-/3  protein  in  duplicate 
conditioned  media  collections  from  two  separate  experiments  were  determined  by  inhi¬ 
bition  of  [3H]thymidine  incorporation  by  Mv  1  Lu  cells.  Values  represent  the  mean  and 
range  from  the  two  separate  experiments. 


In  comparison  to  the  short-term  (2-week),  steroid-deprived  cells, 
[3H] thymidine  incorporation  in  long-term  (75-week),  steroid-deprived 
cells  was  not  significantly  affected  by  either  TGF-a  or  anti-TGF-a 
antibodies  (Table  3,  Lines  1-8),  and  E2  evoked  a  much  more  modest 
stimulation  (366  ±  9%;  Table  3,  Line  9).  Coincubation  with  anti- 
TGF-a  antibody  and  E2  (Table  3,  Line  10)  failed  to  inhibit  the 
estrogen-induced  increases  in  [3H]  thymidine  incorporation  in  either 
short-  or  long-term,  steroid-deprived  cells,  suggesting  that  estrogen 
did  not  use  the  TGF-a  pathway  for  its  mitogenic  effect  in  these  cells. 

Expression  of  TGF-01,  -02,  and  -03  in  MCF-7  Cells  in  Re¬ 
sponse  to  Steroid  Withdrawal.  We  analyzed  expression  of  TGF-0 
mRNAs  and  TGF-0  bioactive  protein  and  found  the  temporal  patterns 
in  response  to  growth  in  steroid-depleted  conditions  to  be  the  inverse 
of  the  pattern  we  observed  for  TGF-a.  At  2  weeks  of  steroid  with¬ 
drawal,  the  mRNA  for  all  three  TGF-0S  increased  5-  to  10-fold  from 
the  low  basal  levels  observed  for  parent  cells  cultured  in  estrogen- 
containing  conditions  (Fig.  5A).  The  levels  of  TGF-01,  -02,  and  -03 
mRNA  remained  high  at  10  weeks  of  steroid  deprivation  but,  by  24 
weeks,  the  levels  of  these  three  mRNAs  returned  to  the  low  levels 
observed  in  the  parental  (0-week)  cells. 

The  increased  levels  of  TGF-0  mRNAs  in  response  to  short-term 
(2-week),  steroid  deprivation  were  reflected  in  3 -fold  increases  in 
TGF-0  protein  (from  51  ±  10  pg/106  cells/48  h  to  153  ±  31  pg/106 


cells/48  h;  Fig.  5B).  The  reestablishment  of  low  basal  levels  of  TGF-0 
mRNAs  at  later  times  (>24  weeks)  was  reflected  in  low  secreted 
TGF-0  protein  levels  (54  ±  3  pg/106  cells/48  h  in  125-week  steroid- 
deprived  cells)  similar  to  levels  observed  in  parental  cells  (Fig.  55). 
No  dramatic  change  was  observed  in  the  proportion  of  TGF-0  in  the 
active  versus  latent  form  in  long-term,  steroid-deprived  MCF-7  cells 
as  compared  to  the  parent  MCF-7  cells.  Since  the  data  in  Fig.  6  (see 
below)  show  that  the  TGF-0S  are  negatively  regulated  by  estrogen  in 
these  cells,  it  seems  plausible  that  short-term  growth  in  steroid- 
depleted  serum  released  the  TGF-0  genes  from  suppression  by  estro¬ 
gen,  and  the  corresponding  sharp  rise  of  these  TGF-0  mRNAs  and 
proteins  contributed  to  the  slow  growth  of  these  cells  observed  during 
the  early  time  period  after  estrogen  withdrawal. 

We  found,  as  shown  in  Fig.  6,  that  2-  and  75-week  steroid-deprived 
cells  showed  generally  similar  patterns  of  response  to  brief  (4-day) 
exposure  to  estradiol  and/or  antiestrogen  (ICI).  Thus,  E2  decreased 
and  ICI  increased  the  levels  of  TGF-01,  -02,  and  -03  mRNA.  The 
only  difference  between  2-  and  75-week  cells  was  in  the  more  marked 
suppression  of  TGF-02  mRNA  by  E2  in  the  2-week  steroid- deprived 
cells.  It  is  important  to  note,  however,  that  the  control  levels  of  the 
TGF-0  mRNAs  are  5-  to  10-fold  higher  in  the  2-week  steroid- 
deprived  cells,  as  reported  in  Fig.  5. 

Growth  Inhibition  of  Short-  and  Long-term,  Steroid-deprived 
MCF-7  Cells  by  TGF-01.  As  shown  in  Fig.  7,  2-  and  12-week 
steroid-deprived  cells  were  highly  sensitive  to  the  growth  inhibitory 
effect  of  TGF-01;  near-maximal  inhibition  of  [3H]thymidine  incor¬ 
poration  was  achieved  with  a  low  concentration  (1-5  ng/ml)  of 
TGF-01.  Increasing  concentrations  of  TGF-01  further  decreased 
[3H] thymidine  incorporation  to  a  maximal  suppression  that  was  ap¬ 
proximately  35-40%  of  control  values.  Interestingly,  the  long-term 
(140-week)  steroid-deprived  subline  was  substantially  less  sensitive  to 
the  growth  inhibitory  effects  of  low  concentrations  of  TGF-01.  In 
contrast  to  an  approximate  50%  inhibition  of  [3H]thymidine  incorpo¬ 
ration  in  short-term,  steroid-deprived  cells  by  1  ng/ml  TGF-01,  cells 
which  had  been  steroid-deprived  for  140  weeks  exhibited  only  10% 
growth  inhibition.  An  equivalent  50%  growth  inhibition  in  the  long¬ 
term  steroid-deprived  subline  required  treatment  with  10  ng/ml  TGF- 
01,  corresponding  to  an  approximate  10-fold  shift  in  the  dose- 
response  curve. 

To  examine  the  possibility  that  the  long-term  steroid-deprived  cells 
lost  sensitivity  to  TGF-01  due  to  changes  in  the  content  of  TGF-0 
receptors,  we  performed  binding  studies  with  [125I]TGF-01.  We  did 
not  find  a  change  in  the  binding  capacity  of  short-  and  long-term, 
steroid-deprived  MCF-7  cells  (Table  4). 

DISCUSSION 

Several  groups,  including  our  own,  have  generated  sublines  of 
ER-positive  human  breast  cancer  cells  by  maintenance  in  steroid- 
depleted  growth  conditions  both  in  vivo  and  in  vitro  in  order  to  study 
the  development  of  hormone-autonomous  growth.  These  sublines 
have  been  characterized  in  terms  of  steroid-responsive  growth,  altered 
gene  expression,  and  tumorigenic  potential  (1,  20,  28,  33-35).  Little 
attention,  however,  has  been  focused  on  the  time  period  during  which 
the  sublines  accomplish  this  transition,  including  changes  in  growth 
factor  production  and  sensitivity  that  may  supplant  steroid-dependent 
pathways.  Consequently,  we  turned  our  attention  to  the  role  of  poten¬ 
tially  important  growth  factor  mediators,  namely  TGF-a  and  the 
TGF-0S,  during  the  progression  to  steroid-autonomous  growth  in 
MCF-7  cells. 

Our  studies  reveal  substantial  changes  in  growth  rates  and  in 
production  of,  and  responsiveness  to,  TGF-a  and  TGF-0  within  3  to 
4  months  of  steroid  deprivation.  This  phenotype  was  maintained  for 
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Fig.  6.  Regulation  of  TGF-01,  -02,  and  -03  mRNA  by  estrogen  and  anti-estrogen  in 
short-term  (2-week)  and  long-term  (75-week)  steroid-deprived  MCF-7  cells.  Hormone 
treatments  were  for  4  days.  RNA  was  isolated  and  probed  for  TGF-01,  -02,  or  -03  mRNA 
as  described  in  “Materials  and  Methods.”  Autoradiograms  were  normalized  for  36B4 
RNA  content  and  quantitated.  The  level  of  each  TGF-0  mRNA  in  the  vehicle  control- 
treated  cells  is  arbitrarily  designated  as  having  a  relative  expression  of  1.0.  Values 
represent  the  mean  and  range  from  two  experiments. 


TGF-B1  (ng/ml)  0  1  5  10  25  0  1  5  10  25  0  1  5  10  25 
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Fig.  7.  Inhibition  of  [3H]thymidine  incorporation  by  TGF-01  in  steroid-deprived 
MCF-7  cells.  Cells  were  seeded  in  triplicate  at  2000  cells/well  in  a  24-well  plate.  After  3 
days,  the  medium  (5%  CDFCS  IMEM)  was  replenished,  and  the  indicated  concentrations 
of  TGF-01  were  added.  [3H]Thymidine  incorporation  was  measured  during  a  2-h  incu¬ 
bation  on  Day  3  of  treatment  with  TGF-01.  Values  represent  the  mean  from  three 
experiments;  bars,  SEM. 


periods  of  at  least  3  years  of  steroid  deprivation,  the  longest  time  we 
studied.  These  long-term,  steroid-deprived  cells  contain  high  levels  of 
ER  and  show  good  estrogen  and  antiestrogen  responsiveness,  as 
monitored  by  PgR  regulation  and  transcriptional  activation  of  an 


estrogen  responsive  element-containing  reporter  gene.  Thus,  estrogen-  . 
autonomous  growth  occurred  in  the  presence  of  significant  levels  of 
functional  estrogen  receptor.  Daly  and  Darbre  (34)  also  reported  2-  to 
3-fold  increases  in  ER  levels  and  the  maintenance  of  PgR  and  pS2 
gene  responsiveness  to  estrogen  in  long-term,  steroid-deprived  ZR- 
75-1  and  T47D  human  breast  cancer  cells.  Apparently  because  our 
long-term,  steroid-deprived  MCF-7  cells  exhibit  rapid  rates  of  cell 
division  in  the  absence  of  estrogen,  estradiol  stimulates  only  moderate 
increases  in  [3H]thymidine  incorporation  or  cell  division  rates,  while 
suppression  of  proliferation  by  antiestrogen  is  maintained.  Long-term 
androgen  deprivation  of  LNCaP  prostate  cancer  cells  was  reported  to 
give  rise  to  cells  similar  to  our  MCF-7  long-term,  steroid-deprived 
cells  in  that  they  proliferate  rapidly  without  additional  androgen,  and 
they  exhibit  increased  androgen  receptor  levels  (36).  The  elevated 
steroid  hormone  receptor  levels  observed  in  these  studies  are  consist¬ 
ent  with  the  known  suppressive  effects  of  estrogen  and  androgen  on 
their  own  receptor  levels  (22,  28,  37,  38). 

We  observed  the  reestablishment  of  rapid  growth  rates  in  the 
absence  of  steroids  by  13  weeks  of  steroid  deprivation.  This  rather 
short  time  frame  suggests  that  an  adaptational  or  cell  selection  mech¬ 
anism,  rather  than  mutation  of  the  estrogen  receptor  gene  or  another 
gene,  is  most  likely  involved.  This  view  is  also  supported  by  the 
normal  dose-response  sensitivity  to  estradiol  for  stimulation  of  the 
PgR,  an  estrogen-induced  protein,  and  for  transcriptional  activation  of 
a  transiently  transfected  estrogen-responsive  gene  (ERE-TK-CAT)  in 
the  parental  and  long-term  steroid-deprived  cells.  In  contrast  to  our 
findings  showing  a  maintenance  of  target  gene  responsiveness  to 
estrogen  in  steroid-deprived  MCF-7  cells,  a  loss  of  androgen  sensi¬ 
tivity  was  reported  in  Shionogi  115  mouse  mammary  tumor  cells  in 
response  to  androgen  withdrawal  (39,  40). 

Estrogens  are  known  to  regulate  the  production  of  growth  factors 
and  growth  factor  receptors  in  breast  cancer  (41)  and  uterine  cells  (42, 
43).  We  were  eager,  therefore,  to  investigate  whether  changes  in  the 
production  of  growth  stimulatory  and  growth  inhibitory  factors  might 
be  associated  with  the  progression  of  breast  cancer  cells  from  an 
estrogen-responsive  growth  state  to  one  in  which  growth  factor  reg¬ 
ulation  would  occur  largely  independent  of  the  requirement  for  estro¬ 
gen.  Our  findings  in  MCF-7  cells  are  consistent  with  this  notion  and 
highlight  that  such  changes  occur  within  only  weeks  of  steroid  dep¬ 
rivation,  suggesting  that  cellular  events  may  allow  regulation  of  cell 
proliferation  to  bypass  the  requirement  for  estrogen.  We  observed  that 
the  levels  of  TGF-a  and  the  TGF-j3s  changed,  being  initially  de¬ 
creased  or  increased,  respectively,  and  then  returned  to  near  the 
parental  level  in  rapidly  proliferating,  long-term,  steroid-deprived 
sublines. 

Despite  the  partial  reestablishment  of  the  parental  pattern  of  TGF-a 
mRNA  and  protein  expression  in  long-term,  steroid-deprived  MCF-7 


Table  4  Binding  of  125I-TGF-fil  to  parent  and  long-term,  steroid-deprived 
MCF-7  cells 

Cells  at  75-90%  confluency  in  24-well  plates  were  washed  three  times  over  1  h  with 
serum-free  media  supplemented  with  0.1%  BSA  and  incubated  with  10-10  m  125I-TGF-01 
with  or  without  a  100-fold  excess  of  radioinert  TGF-01  for  45  min.  Cells  were  then 
washed,  and  solubilized  fractions  were  counted  in  a  gamma  counter.  Binding  of 
125I-TGF-01  in  ER-negative  MDA-MB-231  human  breast  cancer  cells  is  shown  for 
comparison.  Values  are  the  mean  ±  SEM  of  at  least  three  determinations. 


Cell  line 

Weeks  of  steroid  deprivation 

125I-TGF-01 
binding  sites/cell 

MCF-7 

0 

282  ±  30 

1 

320  ±  36 

5 

271  ±  58 

75 

183  ±  34 

135 

362  ±9 

MDA-MB-231 

1554  ±  110 
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cells,  these  sublines  lost  growth  responsiveness  to  exogenous  TGF-a 
and  anti-TGF-a  antibodies,  as  monitored  by  [3H]thymidine  incorpo¬ 
ration.  Therefore,  the  cell  division  rates  in  the  long-term,  steroid- 
deprived  cells  were  likely  being  maintained  largely  by  factors  other 
than  TGF-a  or  estrogen.  We  have  shown  previously  that  long-term, 
steroid-deprived  MCF-7  cells,  which  have  elevated  ER  levels,  express 
somewhat  lower  levels  (—60%)  of  EGF  receptor  relative  to  parent 
MCF-7  cells  (1),  consistent  with  the  well-known  inverse  relationship 
between  ER  and  EGF  receptor  levels  (44,  45).  However,  the  complete 
lack  of  response  to  TGF-a  as  a  stimulator  of  DNA  synthesis  in 
long-term,  steroid-deprived  cells  is  unlikely  to  be  due  to  this  partial 
reduction  in  EGF  receptor  level  and  suggests  alterations  at  a  subse¬ 
quent  step  in  the  TGF-a  response  pathway.  Furthermore,  the  TGF-a/ 
EGF  receptor  pathway  has  been  implicated  as  a  mediator  of  estrogen 
action  (46,  47).  Our  results  suggest  that  the  loss  of  growth  respon¬ 
siveness  to  TGF-a  in  our  cell  system  may  be  unrelated  to  ER  action, 
since  induction  of  PgR  and  activation  of  a  transiently  transfected 
estrogen-responsive  gene  by  estradiol  were  completely  normal  and  as 
observed  in  the  parental  MCF-7  cells.  We  also  failed  to  observe  a 
decrease  in  estrogen-stimulated  [3H]thymidine  incorporation  by  co¬ 
treatment  with  anti-TGF-a  antibodies.  Arteaga  et  al.  (48)  reported  that 
antibody  blockade  of  the  TGF-a/EGF  receptor  did  not  alter  estro¬ 
gen-induced  growth  in  hormone-dependent  MCF-7  cells,  and 
Clarke  et  al.  (49)  found  that  stably  transfected  MCF-7  cells  pro¬ 
ducing  high  levels  of  TGF-a  remained  estrogen-responsive  in 
terms  of  growth,  PgR  induction,  and  the  formation  of  tumors  in 
nude  mice. 

One  of  the  initial  effects  of  steroid  depletion  may  have  been  a 
release  of  TGF-0  transcription  from  an  estrogen-mediated  suppres¬ 
sion.  High  levels  of  secreted,  bioactive  TGF-0  resulted  (Fig.  5)  and 
may  have  contributed  to  the  slow  growth  observed  in  these  cells 
during  the  period  of  adaptation  to  steroid-depleted  conditions.  Indeed, 
we  found  that  short-term,  steroid-deprived  MCF-7  cells  were  highly 
sensitive  to  the  growth-inhibitory  effect  of  TGF-01  (Fig.  7).  This 
hypothesis  is  in  agreement  with  the  finding  that  removal  of  estradiol 
implants  from  MCF-7  tumors  in  nude  mice  resulted  in  three-fold 
increases  in  the  level  of  tumor  TGF-01  mRNA  (50)  and  that  treatment 
with  estrogens  down-regulates  TGF-0  mRNAs  (26,  51).  Interestingly, 
antiestrogen-stimulated  levels  of  TGF-0  have  been  implicated  as  the 
mediators  of  tamoxifen-induced  growth  suppression  in  breast  cancer 
cells  (52). 

Of  note,  the  long-term  steroid-deprived  sublines  exhibited  a  10-fold 
reduced  sensitivity  to  the  growth-inhibitory  effects  of  exogenous 
TGF-01.  One  of  the  mechanisms  by  which  TGF-01  insensitivity  can 
be  accomplished  is  through  decreased  TGF-0  receptor  binding  (53). 
However,  we  found  that  there  were  no  substantial  differences  in  the 
number  of  TGF-01  binding  sites  in  the  parent  and  long-term,  steroid- 
deprived  MCF-7  cells.  While  the  cells  may  have  alterations  in  binding 
affinities  for  TGF-02  or  TGF-03  (which  we  did  not  test)  or  in  TGF-0 
receptor  homodimer  or  heterodimer  species,  it  appears  most  likely  that 
postreceptor  aberrations  in  TGF-0  signaling  account  for  the  reduced 
TGF-01  sensitivity  we  observed  in  the  long-term,  steroid-deprived 
MCF-7  ceils. 

Our  findings  suggest  a  role  for  TGF-a  and  the  TGF-0S  in  the 
progression  of  MCF-7  breast  cancer  cells  from  estrogen-responsive  to 
estrogen-autonomous  growth.  Changes  in  the  production  of  and/or 
sensitivity  to  other  growth  factors  may  also  be  occurring.  Adaptations 
to  a  low  steroid  environment,  involving  alterations  in  growth  factor 
production  such  as  we  report  herein,  may  allow  ER-positive  breast 
cancer  cells  to  proliferate  rapidly,  bypassing  the  requirement  for  full 
estrogen  stimulation  via  the  ER. 
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Observations  arising  from  the  use  of 
pure  antioestrogens  on 
oestrogen-responsive  (MCF-7)  and 
oestrogen  growth-independent  (K3) 
human  breast  cancer  cells 


by  R I  Nicholson,  J  MW  Gee,  A  B  Francis,  D  L  Manning, 
A  E  Wakeling  and  B  S  Katzenellenbogen 


INTRODUCTION 

During  the  last  7  years  the  Breast  Cancer  Group 
within  the  Tenovus  Cancer  Research  Centre  has 
maintained  an  involvement  in  the  use  of  pure 
antioestrogens  in  two  important  areas  of  breast  can¬ 
cer  research.  First,  their  development  as  clinical 
agents,  where  we  hoped  to  induce  total  oestrogen 
deprivation  and  thereby  improve  the  effectiveness  of 
first-line  endocrine  therapy  (Nicholson  et  al.  1992, 
Nicholson  1993,  Nicholson  et  al.  1993 a,  DeFriend  et 
al.  1994,  Nicholson  et  al.  1994c).  Second,  as  phar¬ 
macological  probes  to  investigate  the  cellular  and 
molecular  actions  of  oestrogens  and  tamoxifen 
(Nicholson  etal.  1988,  Weatherill  etal.  1988,  Wilson 
et  al.  1990).  Implicit  in  each  of  these  areas  of 
research  are  questions  associated  with  the  impact 
which  pure  antioestrogens  might  have  on  the  therapy 
of  endocrine-resistant  states  and  whether  resistance 
develops  as  a  consequence  of  incomplete  oestrogen 
withdrawal,  with  tumour  cells  more  efficiently  utilis¬ 
ing  either  a  reduced  oestrogenic  pool  or  the  agonistic 
activity  of  an  antioestrogen,  or  whether  the  resistant 
cells  have  completely  circumvented  the  need  for  oes¬ 
trogen  receptor  (ER)-mediated  growth  and  hence 
sensitivity  to  the  antitumour  properties  of  pure 
antioestrogens  (Nicholson  et  al.  1994c). 

On  this  basis,  in  the  current  article  we  seek  to 
describe  a  number  of  the  properties  exhibited  by  pure 
antioestrogens  in  oestrogen-responsive  MCF-7 
human  breast  cancer  cells  (Nicholson  et  al.  1990, 


Nicholson  et  al.  1995)  and  in  the  oestroge/i 
growth-independent  variant  K3  (Katzenellenbogen  et 
al.  1987,  Clarke  et  al.  1989,  Cho  et  al.  1991,  Rees. 
&  Katzenellenbogen  1992)  of  this  tumour  cell  line. 
Limited  data  will  also  be  presented  on  the  growth-in¬ 
hibitory  properties  of  4-(3-methylaniIino)quinazolin* 
(aniloquinazoline),  a  tyrosine  kinase  inhibitor  which 
shows  specificity  for  epidermal  growth  facte  r 
(EGF)-receptor  signalling  (Wakeling  et  al.  1994;. 
The  data  presented  are  consistent  with  ER-mediate  \ 
growth  being  important  not  only  in  MCF-7  cells.  but 
also  in  their  oestrogen-resistant  variant,  with  trans¬ 
forming  growth  factor  a  (TGFa)  possibly  playing  «. 
supportive  growth-regulatory  role. 

COMPARATIVE  GROWTH  EFFECTS  OF 
OESTRADIOL  AND  ANTIOESTROGENS 
ON  WILD-TYPE  AND  K3  MCF-7  CELLS 

K3  cells  were  originally  isolated  by  the  exposure 
of  MCF-7  human  breast  cancer  cells  to  culture 
conditions  low  in  oestrogenic  substances  (Katzenel¬ 
lenbogen  etal.  1987).  Thus,  by  growing  MCF-7  cells 
in  phenol  red-free  media  and  5%  dextran-coated 
charcoal-treated  (DCC-stripped)  foetal  calf  serum 
(FCS)  for  prolonged  periods,  a  stable  cell  variant 
(K3)  was  obtained  which  showed  a  markedly 
increased  basal  rate  of  proliferation  where  added  oes¬ 
trogen  was  unable  to  increase  this  rate  of 
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Figure  1  Characterisation  of  the  growth  of  K3  and  Wt  MCF-7  cells  in  monolayer 
culture,  (a  and  b)  The  cells  were  grown  in  multiwell  dishes  in  white  RPMI  tissue  cul¬ 
ture  medium  with  5%  DCC-stripped  FCS  (medium  A);  without  additives  (minus 
E2),  and  medium  A  containing  1(T9M  oestradiol  (E2),  10“7M  4-hydroxytamoxifen 
(4-OHT),  and  10_7M  I  Cl  182780  (164/182)  for  up  to  14  days,  (c  and  d)  The  cells 
were  grown  in  medium  A  containing  10_7M  ICI  182780  for  8  days  prior  to  the  addi¬ 
tion  of  various  doses  of  oestradiol  ( 1 82+E2).  These  cultures  were  harvested  on  day 
14  after  the  addition  of  oestradiol.  Cell  numbers  were  assessed  by  the  use  of  a  Coul¬ 
ter  counter  and  are  the  mean  of  3  replicate  cultures  counted  in  triplicate.  *P  v 
182<0.05:  statistical  analysis  performed  using  a  Mann- Whitney  U  test. 
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proliferation  further.  These  results  are  essentially 
duplicated  in  Figure  1  and  contrast  with  the  stimula¬ 
tory  effect  of  added  oestradiol  (10~9M)  on  the 
growth  of  our  Wt-MCF-7  cells  in  media  lacking 
endogenous  oestrogens. 

Despite  their  apparent  oestrogen  growth-inde¬ 
pendence,  early  studies  established  that  the  growth  of 
K3  cells  could  be  inhibited  by  1(T7M  4-hydroxy- 
tamoxifen  (Katzenellenbogen  et  al.  1987,  Clarice  et 
al.  1989).  This  effect  is  also  illustrated  in  Figure  la. 
In  the  present  study  we  have  used  the  pure  antioes¬ 
trogen  ICI  182780  (10"7M)  (Wakeling  et  al.  1991)  to 
establish  whether  complete  oestrogen  deprivation 
can  achieve  a  greater  antitumour  effect  than  can  the 
use  of  antioestrogens,  like  tamoxifen,  with  partial 
oestrogen-like  activity  (Nicholson  et  al.  1995).  Fig¬ 
ure  la  shows  the  growth-inhibitory  activity  of  IQ 
182780  exceeding  that  of  4-hydroxytamoxifen, 
allowing  at  maximum  2  doublings  of  the  initial  cell 
number.  Over  several  experiments  we  have  estimated 
the  tumour  cell  doubling  time  for  IQ  182780-treated 
K3  and  wild-type  (Wt)  cells  to  be  in  excess  of  150h. 
This  contrasts  with  32-35h  for  oestrogen-treated  and 
oestrogen-withdrawn  K3  cells  (Katzenellenbogen  et 
al.  1987,  Clarke  et  al.  1989)  and  >80h  for  4-hydroxy- 
tamoxifen-treated  cells  (Katzenellenbogen  et  al. 
1987). 

Importantly,  the  improved  level  of  growth  inhibi¬ 
tion  shown  by  pure  antioestrogens  in  several  breast 
tumour  cell  lines  appears  specific  for  ER  signalling, 
in  that  their  actions  are  restricted  to  ER-positive  can¬ 
cer  cells  and  they  are  achieved  at  molar 
concentrations  (1(T10  to  10"9)  equivalent  to  the  dis¬ 
sociation  constant  for  their  binding  to  ER.  Moreover, 
the  actions  of  antioestrogens  may  be  reversed  by 
oestradiol  (see  refs  in  Nicholson  et  al.  1994a).  This 
property  is  demonstrated  for  pure  antioestrogens 
both  in  K3  and  in  Wt  cells  in  Figure  lc  and  d. 
Indeed,  IQ  182780  growth-suppressed  K3  cells 
show  an  increased  sensitivity  to  oestradiol  in  com¬ 
parison  with  wild-type  cells,  with  the  effects  of 
10r?M  IQ  182780  reversed  by  10“9M  oestradiol. 

THE  PARADOX  AND  A  POTENTIAL 
SOLUTION 

These  data  represent  a  paradox  both  for  K3  and  for 
Wt  cells,  each  of  which  are  capable  of  growth  in  the 


apparent  absence  of  oestradiol  (K3>Wt),  yet  are 
growth  inhibited  by  a  pure  antioestrogen  whose  per¬ 
ceived  mechanism  of  action  is  to  antagonise  the 
cellular  actions  of  oestrogen s  at  the  ER.  Indeed,  their 
inhibitory  actions  may  be  reversed  (K3>Wt)  by 
oestradiol.  A  potential  solution  to  this  paradox  arises 
from  the  observation  that  the  cellular  actions  of  the 
ER,  in  either  an  occupied  (Wakeling  et  al.  1991,  refs 
in  Nicholson  et  al.  1994c)  or  unoccupied  (Ignar- 
Trowbridge  et  al.  1992)  form,  may  be  potentiated  by 
the  presence  of  growth  factors.  ER-induced  growth 
responses,  therefore,  may  require  only  limited 
amounts  of  steroid,  with  differences  between  K3  and 
Wt  cells  reflecting  altered  regulation  of  growth  factor 
production  or  cellular  sensitivity  to  their  actions. 


AN  INVOLVEMENT  OF  TGFa? 

As  may  be  seen  in  Figure  2,  when  grown  in  an  oes¬ 
trogen-depleted  environment  K3  cells  show  a  higher 
basal  expression  of  the  mitogenic  growth  factor 
TGFa  than  do  Wt  cells.  Furthermore,  in  K3  cells  the 
intracellular  level  of  this  protein  is  only  poorly 
induced  by  oestradiol  compared  with  a  twofold 
increase  seen  in  Wt  cells.  This  parallels  the  lack  of 
activity  of  the  steroid  on  K3  growth.  In  each 
instance,  IQ  182780  reduced  the  basal  expression  of 
TGFa.  Importantly,  the  reduction  in  TGFa  levels  in 
pure  antioestrogen-treated  cells  accompanies  a  sub¬ 
stantial  fall  in  their  ER  content  (Fig.  2c  and  d;  Reese 
&  Katzenellenbogen  1992).  This  action  would  mini¬ 
mise  the  opportunity  for  cross  talk  between  ER 
signalling  and  TGFa  signalling  pathways.  Interest¬ 
ingly,  K3  cells  also  show  an  elevated  basal 
expression  of  pS2  (Cho  et  al.  1991),  a  protein  whose 
gene  promoter  contains  response  elements  both  for 
oestradiol  and  for  TGFa  (Nunez  et  al.  1989).  Once 
again,  the  expression  of  this  protein  is  efficiendy 
reduced  by  the  presence  of  the  pure  antioestrogen 
(Nicholson  etal.  1995). 

Finally,  we  have  examined  the  effects  of 
4-(3-methylanilino)quinazoline  (ZM163613),  a  tyro¬ 
sine  kinase  inhibitor  reported  to  show  specificity  for 
EGF-rcceptor  signalling  (Wakeling  et  al.  1994,  Ward 
et  al.  1994),  on  K3  and  Wt  cells  in  order  to  determine 
whether  TGFa  is  directly  involved  in  growth  signal¬ 
ling  and  oestrogen-regulated  gene  expression.  The 
data  shown  in  Figure  3a  and  b  show  that  the  Wt  cells 
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Figure  2  Immunohistochemical  characterisation  of  K3  and  Wt  MCF-7  cells.  The  cells  were 
cultured  on  3-aminopropyltriethoxysilane-coated  glass  coverslips  in  medium  A  containing  no 
additions  (minus  E2),  10"9M  oestradiol  (E2),  10“7M  4-hydroxytamoxifen  (4-OHT),  and  10_7M 
ICI  182780  (182)  for  up  to  14  days.  TGFa  (a  and  b)  and  ER  (c  and  d)  assays  were  performed 
according  to  the  methods  of  Nicholson  et  al  (1991, 19936)  and  Walker  et  al.  (1988),  respectively. 
The  results  are  shown  as  mean  values ±S.D.  of  5  replicates  from  a  minimum  of  2  coverslips.  H 
scores  were  calculated  according  to  the  method  of  Gee  et  al  (1994). 
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are  strongly  growth  inhibited  by  the  drug  at  a  con¬ 
centration  of  lOpM.  At  this  concentration,  the  cells 
show  reduced  basal  progesterone-receptor  and  pS2 
levels  whilst  maintaining  ER  and  TGFa  cellular  con¬ 


centrations  (Nicholson  et  al  1995).  However,  an 
identical  dose  of  ZM 16361 3  is  less  growth  inhibitory 
to  K3  cells  (Fig.  3a)  and  does  not  alter  oestrogen- 
regulated  gene  expression,  although  some  growth 
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inhibition  of  K3  cells  (Fig,  3a)  and  decrease  in  pS2 
(RI  Nicholson,  unpublished  observations)  may  be 
achieved  by  50pM  ZM163613. 


CONCLUSIONS 

Several  conclusions  may  be  arrived  at  on  the  basis  of 
the  results  presented. 

(1)  The  importance  of  ER- mediated  signalling  is 
retained  in  the  basal  growth  responses  of  oestrogen 
growth-independent  K3  cells  and  is  in  parallel  with 
observations  made  on  tamoxifen-resistant  tumours 
which  are  sensitised  to  the  agonistic  activity  of  the 
drug  (Osborne  etaL  1994). 

(2)  TGFa  signalling  may  impinge  on  ER-mediated 
growth  and  circumvent  the  need  for  high  oestrogen 
levels.  This  response  may  be  exaggerated  in  K3  cells, 
potentially  decreasing  the  cellular  sensitivity  to 
ZM163613. 

(3)  Pure  antioestrogens  antagonise  ER-mediated 
effects,  in  Wt  and  K3  cells,  possibly  by  decreasing 
ER  and  TGFa  levels  and  thereby  reducing  cross  talk 
between  these  growth-signalling  pathways. 


Finally,  it  is  interesting  that  we  have  also 
observed  that  a  failure  of  ER-positive  advanced 
breast  cancer  to  respond  to  antihormones  correlates 
with  elevated  TGFa  levels  (Nicholson  et  ai  1994 b) 
and  elevated  cell-proliferation  rates,  evidenced  by  an 
increased  Ki67  immunostaining  (Nicholson  et  al. 
1991,  Nicholson  et  ai  19936);  factors  which  in  K3 
cells  are  associated  with  acquired  oestrogen 
growth-independence.  If  these  factors  are  causative 
in  the  loss  of  oestrogen  growth-responsiveness,  then 
primary  and  acquired  endocrine  resistance  may  occur 
on  a  similar  developmental  pathway  and  be  equally 
vulnerable  to  pure  antioestrogens.  Trials  to  examine 
these  possibilities  are  awaited. 
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Figure  3  Effect  of  4-(3-methylanilino)quinazoline  on  the  growth  of  K3  and 
Wt  cells.  The  cells  were  grown  as  described  in  Figure  1,  in  medium  A 
alone  (minus  E2)  or  containing  the  stated  dose  of  the  tyrosine  kinase  inhib¬ 
itor  (TKI).  The  results  presented  are  the  mean  of  3  replicate  cultures 
counted  in  triplicate. 
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.  estrogens,  acting  via  the  estrogen  receptor  (ER)  evoke  conformational  changes  in  the  ER 
d  inhibit  the  effects  of  estrogens  as  well  as  exerting  anti-growth  factor  activities.  Although  the 
binding  of  estrogens  and  antiestrogens  is  mutually  competitive,  studies  with  ER  mutants  indicate 
that  some  of  the  contact  sites  of  estrogens  and  antiestrogens  are  likely  different.  Some  mutations 
*  the  hormone-binding  domain  of  the  ER  and  deletions  of  C-terminal  regions  result  in  ligand 
discrimination  mutants,  i.e.  receptors  that  are  differentially  altered  in  their  ability  to  bind  and/or 
mediate  the  actions  of  estrogens  vs  antiestrogens.  Studies  in  a  variety  of  cell  lines  and  with  different 
promoters  indicate  marked  cell  context-  and  promoter-dependence  in  the  actions  of  antiestrogens 
and  variant  ERs.  In  several  cell  systems,  estrogens  and  protein  kinase  activators  such  as  cAMP 
synergize  to  enhance  the  transcriptional  activity  of  the  ER  in  a  promoter-specific  manner.  In 
addition,  cAMP  changes  the  agonist/antagonist  balance  of  tamoxifen-like  antiestrogens,  increasing 
their  agonistic  activity  and  reducing  their  efficacy  in  reversing  estrogen  actions.  Estrogens,  and 
antiestrogens  to  a  lesser  extent,  as  well  as  protein  kinase  activators  and  growth  factors  increase 
phosphorylation  of  the  ER  and/or  proteins  involved  in  the  ER-specific  response  pathway.  These 
changes  in  phosphorylation  alter  the  biological  effectiveness  of  the  ER.  Multiple  interactions  among 
different  cellular  signal  transduction  systems  are  involved  in  the  regulation  of  cell  proliferation  and 
gene  expression  by  estrogens  and  antiestrogens. 
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INTRODUCTION:  ESTROGEN  TARGET  TISSUES 
AND  ANTIESTROGEN  EFFECTIVENESS 

Estrogens  influence  the  growth,  differentiation  and 
functioning  of  many  target  tissues.  These  include  tissues 
of  the  reproductive  system  such  as  the  mammary  gland 
and  uterus,  cells  in  the  hypothalamus  and  pituitary, 
as  well  as  bone  where  estrogens  play  important  roles 
in  bone  maintenance;  and  the  liver  and  cardiovascular 
systems  where  estrogens  influence  liver  metabolism, 
the  production  of  plasma  lipoproteins,  and  exert 
cardioprotective  effects  [1-3].  Estrogens,  in  addition  to 
stimulating  mammary  gland  growth  and  duct  develop¬ 
ment,  also  increase  proliferation  and  metastatic  activity 
of  breast  cancer  cells  [4]  and  stimulate  the  proliferation 
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of  uterine  cells  [1].  Antiestrogens,  which  antagonize 
the  actions  of  estrogens,  therefore  have  much  potential 
as  important  therapeutic  agents.  Our  studies  have 
examined  the  effects  of  antiestrogens  on  a  variety  of 
target  cells  including  liver  [5]  and  hypothalamus  and 
pituitary  [6],  but  have  primarily  focused  on  their  effects 
on  breast  cancer  and  uterine  cells  [7]. 

The  actions  of  estrogens  on  breast  cancer  and  uterine 
cells  are  antagonized  by  antiestrogens,  which  bind  to  the 
estrogen  receptor  (ER)  in  a  manner  that  is  competitive 
with  estrogen  but  they  fail  to  effectively  activate  gene 
transcription  [7-9].  Two  of  the  major  challenges  in 
studies  on  antiestrogens  are  to  understand  what  accounts 
for  their  antagonistic  effectiveness  as  well  as  the  partial 
agonistic  effects  of  some  antiestrogens;  and  to  under¬ 
stand  how  one  can  achieve  tissue  selective  agonistic / 
antagonistic  effects  of  these  compounds.  One  of  our 
approaches  to  addressing  these  issues  has  been  to  try  to 
understand  in  detail  how  the  ER  discriminates  between 
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estrogen  and  antiestrogen  ligands  and  between  differ-  and  antiestrogen  depend  on  four  important  fact 
ent  categories  of  antiestrogens.  This  has  involved  the  (1)  the  nature  of  the  ER,  i.e.  whether  it  is  wild-tv^ 
generation  and  analysis  of  variant  human  ERs  with  or  variant;  (2)  the  promoter;  (3)  the  cell  context'  ^ 
mutations  throughout  the  ER  hormone-binding  domain  (4)  the  ligand.  The  gene  response,  in  addition,  canh^ 
and  study  of  the  activity  of  these  receptors  on  different  modulated  by  cAMP,  growth  factors,  and  agents  th 
estrogen-responsive  genes  in  several  cell  backgrounds  affect  protein  kinases  and  cell  phosphorylation  [15, 
when  liganded  with  antiestrogen  or  estrogen.  These  21].  These  may  account  for  differences  in  the  relativ 
studies  and  those  of  others  have  provided  consistent  agonism/antagonism  of  antiestrogens  like  tamoxifen  on 
evidence  for  the  promoter-specific  and  cell-specific  different  genes  and  in  different  target  cells  such  as  those 
actions  of  the  estrogen-occupied  and  antiestrogen-  in  breast  cancer  cells,  versus  uterus,  versus  bone 
occupied  ER.  In  addition,  in  the  studies  described  Antiestrogens  are  believed  to  exert  their  effects  in 
below,  we  have  observed  that  protein  kinase  activators  large  measure  by  blocking  the  actions  of  estrogens  bv 
enhance  the  transcriptional  activity  of  the  ER  and  alter  competing  for  binding  to  the  ER  and  altering  ER 
the  agonist/antagonist  balance  of  some  antiestrogens,  conformation  such  that  the  receptor  fails  to  effectively 
suggesting  that  changes  in  cellular  phosphorylation  state  activate  gene  transcription.  In  addition,  antiestrogens 
should  be  important  in  determining  the  effectiveness  of  exert  anti-growth  factor  activities,  via  a  mechanism  that 
antiestrogens  as  estrogen  antagonists.  requires  ER  but  is  still  not  fully  understood  [22], 

Models  of  antiestrogen  action  at  the  molecular  level 
ANALYSIS  OF  THE  ER  HORMONE  BINDING  are  be8innin8  t0  emerge,  and  recent  biological  studies 
DOMAIN  AND  LIGAND  DISCRIMINATION  as  wel1  indicate  that  antiestrogens  fall  into  two  distinct 

categories:  antiestrogens,  such  as  tamoxifen,  that  are 
We  have  examined  the  interactions  of  estrogen  and  mixed  or  partial  agonists/antagonists  (type  I),  and  com- 
antiestrogens  with  the  ER  and  the  modulation  of  ER  pounds,  such  as  ICI  164,384,  that  are  complete/pure 
activity  by  phosphorylation  and  interaction  with  other  antagonists  (type  II).  The  type  I  antihormone-ER  com- 
proteins  which  result  in  changes  in  ER-mediated  plexes  appear  to  bind  as  dimers  to  estrogen  response 
responses.  Studies  by  us  [10-17]  have  provided  strong  elements  (EREs);  there,  they  block  hormone-dependent 
documentation  that  the  response  of  genes  to  estrogen  transcription  activation  mediated  by  region  E  of  the 
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Fig.  }.  Structures  of  several  estrogenic  and  antiestrogenic  ligands  for  the  estrogen  receptor  used  in  our  studies. 
The  antiestrogens  include  the  nonsteroidal  compounds  tamoxifen  and  LY117018  that  often  show  partial 
agonist/antagonist  activity  (type  I  antiestrogens)  and  the  steroidal,  more  pure  antiestrogen  ICI164.384  (type  II 

antiestrogen). 


Antiestrogen  Mechanisms  and  Actions 


389 


’  t  are  believed  to  have  little  or  no  effect  on 

recept°r>  “  -^pendent  transcription  activation  func- 
the  horm°“  region  a/B  of  the  receptor  [16].  Thus, 
tioti locatC  eraiiy  partial  or  mixed  agonist/antagonists, 
they  are  gCction  must  involve  some  subtle  difference  in 
and  their  a  interaction,  very  likely  associated  with 
ligand'reC^  polar  sjde  chain  that  characterizes  the 
the  basic  mbefS  0f  this  class.  In  the  case  of  the  more 
^tagonis  antagonistS}  SUch  as  ICI  164,384,  obstruction 
comPlete  tQ  dnA  and  reduction  of  the  ER  content 
„fERbin  ^  appear  tQ  contribute  to  [23,  24],  but  may 
explain,  the  pure  antagonist  character  of  this 
n0t  ful  y  ^  T’ne  structures  of  these  antiestrogens, 
antiChtrl£m  be  both  steroidal  or  non-steroidal  in  nature, 
*hi<7  °  n  ^  pjg.  i,  along  with  the  structures  of  the 
are  Sr X  occurring  estrogen  estradiol,  and  the  non- 
natu ,a;  synthetic  estrogen  diethylstilbestrol.  Of  note, 
ster°‘  fact  that  antiestrogens  typically  have  a  bulky 
,S  l  hain  which  is  basic  or  polar.  This  side  chain  is 
S  rtant  for  antiestrogenic  activity;  removal  of  this 
"a  chain  results  in  a  compound  which  is  no  longer  an 
S'ntiestrogen  and,  instead,  has  only  estrogenic  activity. 
Therefore  we  believe  that  interaction  of  this  side  chain 
with  the  ER  must  play  an  important  role  in  the 
interpretation  of  the  ligand  as  an  antiestrogen. 

In  order  to  examine  issues  of  ligand  discrimination 
by  the  ER,  we  have  used  site-directed  and  random 
chemical  mutagenesis  to  generate  ERs  with  selected 
changes  in  the  hormone  binding  domain.  We  have 
been  particularly  interested  in  identifying  residues  in 
the  hormone  binding  domain  important  for  the  ligand 
binding  and  transactivation  functions  of  the  receptor, 
and  in  elucidating  the  mechanism  by  which  the  ER  dis¬ 
criminates  between  agonistic  and  antagonistic  ligands. 
Although  both  estrogens  and  antiestrogens  bind  within 
the  HBD,  the  association  must  differ  because  estrogen 
binding  activates  a  transcriptional  enhancement  func¬ 
tion,  whereas  antiestrogens  fully  or  partially  fail  in  this 
role.  Our  studies  have  indicated  that  selective  changes 
near  amino  acid  380,  and  amino  acids  520—530,  and 
changes  at  the  C-terminus  of  the  ER  result  in  ER 
ligand  discrimination  mutants  [10, 13,26].  These  data 
provide  evidence  that  some  contact  sites  of  the  receptor 
with  estrogen  and  antiestrogen  differ;  and  that  the 
conformation  of  the  receptor  with  estrogen  and  anti¬ 
estrogen  must  also  be  different  as  a  consequence  [10, 
27  and  refs  therein].  Our  structure-function  analysis 
of  the  hormone  binding  domain  of  the  human  ER  has 
utilized  region-specific  mutagenesis  of  the  ER  cDNA 
and  phenotypic  screening  in  yeast,  followed  by  the 
analysis  of  interesting  receptor  mutants  in  mammalian 
cells  [14, 28].  Our  observations,  as  well  as  very  import¬ 
ant  studies  by  Malcolm  Parker  and  colleagues  [29, 30] 
have  shown  a  separation  of  the  transactivation  and 
hormone-binding  functions  of  the  ER. 

Since  the  basic  or  polar  side  chain  is  essential  for  anti- 
estrogenic  activity,  and  our  previous  studies  identified 
cysteine  530  as  the  amino  acid  covalently  labeled  by 
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affinity  labeling  ligands  [31],  we  introduced  by  site 
directed  mutagenesis  of  the  ER  cDNA  changes  of 
specific  charged  residues  close  to  C530  [10].  Interest¬ 
ingly,  two  mutants  in  which  lysines  at  position  529 
and  531  where  changed  to  glutamines,  so  that  the 
local  charge  was  changed,  resulted  in  receptors  with 
an  approx.  30-fold  increased  potency  of  antiestrogen  in 
suppressing  estradiol-stimulated  reporter  gene  activity. 
Interestingly,  these  mutants  receptors  showed  a  reduced 
binding  affinity  for  estrogens,  but  retained  unaltered 
binding  affinity  for  antiestrogen.  These  findings  suggest 
that  we  are  able  to  differentially  alter  estrogen  and 
antiestrogen  effectiveness  by  rather  modest  changes  in 
the  ER,  and  that  the  region  near  C530  is  a  critical  one 
for  sensing  the  fit  of  the  side  chain  of  the  estrogen 
antagonist.  Studies  from  the  Parker  Laboratory  [27] 
have  shown  that  nearby  residues  (i.e.  G525  and  M521 
and/or  S522  in  the  mouse  ER)  are  also  importantly 
involved  in  conferring  differential  sensitivity  to  these 
two  categories  of  ligands. 

We  have  also  shown  that  if  C530  is  mutated,  the  co¬ 
valent  ligand  tamoxifen  aziridine  binds  to  C381  instead, 
another  cysteine  in  the  hormone  binding  domain  [32]. 
One  interpretation  of  this  result  is  that  the  530  and 
380  regions  of  the  hormone-binding  domain  are  close 
to  one  another  in  the  three-dimensional  ligand  binding 
pocket  of  the  ER,  such  that  the  ligand  can  label  either 
site  by  alternative  positioning  of  the  reactive  side  chain 
[32].  We  therefore  investigated  charged  amino  acids  in 
the  N-terminal  portion  of  the  hormone  binding  domain 
and  showed  the  region  around  amino  acid  380  to  be 
important  in  transcriptional  activity  of  the  receptor  [13]. 
As  opposed  to  what  was  observed  with  charge  changes 
in  the  region  near  C530,  we  observed  that  change  of  the 
charged  residue  E380  to  E380Q  resulted  in  a  receptor 
more  sensitive  to  estrogen,  but  less  sensitive  than  wild- 
type  ER  to  antiestrogen  for  suppression  of  transcrip¬ 
tional  activity.  Although  estrogen  and  antiestrogen 
showed  no  alteration  of  their  binding  affinity  for  the 
wild-type  or  E380Q  mutant,  the  E380  mutant  showed 
greater  transcriptional  activity  and  enhanced  binding 
to  estrogen  response  element  DNA,  resulting  in  its 
increased  sensitivity  to  estrogen.  Our  findings  suggest 
that  this  region  is  important  in  influencing  DNA 
binding  and  protein-protein  interaction  of  the  receptor 
that  modulates  transcriptional  activity  and  provide 
additional  evidence,  suggesting  that  the  conformation 
of  the  receptor  with  estrogen  and  antiestrogen  results 
in  differential  transactivation  activity.  Our  recent  data 
[26]  has  also  shown  that  tamoxifen-like  antiestrogens 
are  more  pure  antiestrogens  with  the  ER  missing  the 
C-terminal  F  domain,  approx,  the  last  40  amino  acids 
of  the  receptor.  The  basis  for  the  difference  in  the 
estrogenic  activity  of  tamoxifen-like  estrogens  with  wild- 
type  ER  versus  ER  missing  this  F  domain  is  under 
investigation  and  should  provide  important  information 
regarding  the  differential  agonistic/antagonistic  effects 
of  this  category  of  antiestrogens. 
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ALTERATION  IN  THE  AGONIST/ ANTAGONIST 
BALANCE  OF  ANTIESTROGENS  BY  ACTIVATION 
OF  PROTEIN  KINASE  A  SIGNALING  PATHWAYS: 
ANTIESTROGEN  SELECTIVITY  AND  PROMOTER 
DEPENDENCE 

There  is  increasing  evidence  for  ER  interaction  with 
other  ceil  signaling  pathways.  We  became  interested 
in  this  cross-talk  between  cell  signaling  pathways  in 
our  studies  of  estrogen  regulation  of  the  progesterone- 
receptor  and  estrogen  responsive  promoter-reporter 
gene  constructs  in  cells.  These  studies  showed  stimu¬ 
lation  by  growth  factors  (IGF-1,  EGF)  as  well  as 
stimulation  by  cAMP  and  estrogen.  The  observation 
that  the  stimulation  by  these  agents  could  be  suppressed 
by  antiestrogens  or  protein  kinase  inhibitors  implied  the 
involvement  of  the  ER  and  phosphorylation  pathways  in 
these  responses  [18-21,33].  We  therefore  have  under¬ 
taken  studies  to  examine  directly  whether  activators  of 
protein  kinases  can  modulate  transcriptional  activity  of 
the  ER. 

We  find  that  activators  of  protein  kinase  A  and 
protein  kinase  C  markedly  synergize  with  estradiol  in 
ER-mediated  transcriptional  activation  and  that  this 
transcriptional  synergism  shows  cell-  and  promoter- 
specificity  [15,21,34].  The  synergistic  stimulation  of 
ER-mediated  transcription  by  estradiol  and  protein 
kinase  activators  did  not  appear  to  result  from  changes 
in  ER  content  or  in  the  binding  affinity  of  ER  for  ligand 
or  the  ERE  DNA,  but,  rather,  may  be  a  consequence 
of  a  stabilization  or  facilitation  of  interaction  of  target 
components  of  the  transcriptional  machinery,  possibly 
either  through  changes  in  phosphorylation  of  ER  or 
other  proteins  important  in  ER-mediated  transcriptional 
activation  [34]. 

Figure  2  shows  a  model  indicating  how  we  think 
the  protein  kinase-ER  transcriptional  synergism  may 
occur.  Agents  influencing  protein  kinase  pathways  may 
enhance  intracellular  protein  phosphorylation  resulting 
in  either  phosphorylation  of  the  ER  itself  or  the  phos¬ 
phorylation  of  nuclear  factors  with  which  the  receptor 
interacts  in  mediating  transcription.  Likewise,  there 
is  evidence  that  the  steroid  hormone  itself  can  alter 


Fig.  2.  Model  depicting  protein  kinase-ER  transcriptional 
synergism.  See  text  for  description. 


Table  1.  Levels  of  ligand -stimulated  and  protein  'kinas 
activator -stimulated  phosphorylation  of  the  human  ER 


Treatments 

Phosphorylation  level 

mean  ±  SE 

Control 

1 

10"9  M  estradiol  (E2) 

2.8  ±  0.3 

3 

10 '8  M  estradiol  (E2) 

4.3  ±0.7 

6 

10  "8  M  transhydroxytamoxifen  (TOT) 

2.9  ±0.1 

2 

10-7  M  ICI  164,384 

3.6  ±0.6 

3 

1  /2g/ml  cholera  toxin  (CT)  +  10  M 
isobutylmethylxanthine  (IBMX) 

1.9  ±0.3 

3 

10"7MTPA 

2.6  ±0.3 

3 

Human  ER  was  expressed  in  COS-1  cells  and  transfected  cells  were 
incubated  for  4h  with  [32P]orthophosphate  in  the  presence  of 
the  indicated  treatment.  ER  was  immunoprecipitated  with  anti¬ 
receptor  antibodies,  resolved  by  SDS-PAGE  and  transferred  to 
nitrocellulose.  ER  protein  levels  were  determined  by  immunoblot 
and  ER  phosphorylation  by  autoradiography  as  described  [35], 
The  levels  of  phosphorylation  of  the  different  samples  were 
standardized  according  to  ER  protein  levels  and  standard  errors 
(SE)  were  calculated.  1  represents  the  basal  level  of  phosphoryl¬ 
ation  (vehicle  alone)  in  each  experiment,  n  represents  the  number 
of  experiments.  (From  Le  Goff  et  al.  ref.  [35]). 

receptor  conformation  increasing  its  susceptibility  to 
serve  as  a  substrate  for  protein  kinases  [19,  35-38  and 
Table  1].  Therefore,  agents  which  increase  the  phos¬ 
phorylation  may,  either  through  phosphorylation  of  the 
ER  itself,  or  through  phosphorylation  of  nuclear  factors 
required  for  ER  transcription,  result  in  synergistic 
activation  of  ER-mediated  transcription. 

As  shown  in  Fig.  3,  we  have  compared  the  effects  of 
cAMP  on  the  transcriptional  activity  of  the  estradiol- 
liganded  and  antiestrogen-liganded  ER  complexes. 
We  find  that  increasing  the  intracellular  concentration 
of  cAMP,  or  of  protein  kinase.  A  catalytic  subunit 
of  transfection  [15],  activates  and/or  enhances  the 
transcriptional  activity  of  type  I  but  not  type  II  anti¬ 
estrogen-occupied  ER  complexes  and  reduces  the 
estrogen  antagonist  activity  of  the  type  I  transhydroxy- 
tamoxifen  (TOT)  antiestrogen.  In  Fig.  3(A  and  B),  we 
have  determined,  in  MCF-7  human  breast  cancer  cells, 
the  effect  of  cAMP  on  the  activity  of  TOT,  ICI  164,384 
and  E2  on  a  simple  TATA  promoter  with  one  consensus 
ERE  upstream  of  the  CAT  gene  and  on  the  more 
complex  pS2  gene  promoter  and  5'-flanking  region 
(-3000  to  +10)  containing  an  imperfect  ERE.  The 
endogenous  pS2  gene  is  regulated  by  E2  in  MCF-7 
breast  cancer  cells.  Estradiol  increased  the  transcription 
of  both  of  these  gene  constructs,  and  treatment  with 
IBMX/CT  and  E2  evoked  a  synergistic  increase  in 
transcription,  with  activity  being  ca  2.5  times  that  of 
E2  alone.  Both  antiestrogens  (TOT  and  ICI)  failed  to 
stimulate  transactivation  of  these  reporter  gene  con¬ 
structs,  but  in  the  presence  of  IBMX/CT,  TOT  gave 
significant  stimulation  of  transcription  (85  or  60%  that 
of  E2  alone).  ICI  failed  to  stimulate  transactivation  even 
in  the  presence  of  IBMX/CT,  and  ICI  fully  blocked  E2 
stimulation  in  the  presence  or  absence  of  cAMP.  By 
contrast,  treatment  with  IBMX/CT  reduced  the  ability 
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Fig.  3.  Effect  of  IBMX/CT  on  the  ability  of  E2  and  antiestro¬ 
gens  to  stimulate  transactivation  of  ERE-TATA-CAT  (panel 
A)  and  pS2-CAT  (panel  B),  and  on  the  ability  of  antiestrogens 
to  suppress  E2-stimulated  transactivation.  MCF-7  cells 
were  transfected  with  the  indicated  reporter  plasmid  and  an 
internal  control  plasmid  that  expresses  l-galactosidase  and 
were  treated  with  the  agents  indicated  for  24  h.  Each  bar 
represents  the  mean  ±  SEM  (n  =■  3  experiments).  *  Indicates 
significant  difference  from  the  no  IBMX/CT  ceils  (P  <  0.05). 
C,  control  ethanol  vehicle;  E2,  10~’M;  TOT  (hydroxytam- 
oxifen),  10’6M;  ICI  (ICI  164,384),  10~‘  M;  IBMX  (3-isobutyl- 
1 -methyl-xanthine),  10~4M;  and  CT  (cholera  toxin),  1  /ig/ml. 

(From  Fujimoto  and  Katzenellenbogen,  ref.  [15]). 

of  TOT  to  inhibit  E2  transactivation.  While  TOT 
returned  E2  stimulation  down  to  that  of  the  control 
in  the  absence  of  IBMX/CT  (compare  open  bars  E2 
vs  E2  4-  TOT),  TOT  only  partially  suppressed  the  E2 
stimulation  in  the  presence  of  IBMX/CT  (compare 
stippled  bars  E2  vs  E2  +  TOT). 

Although  alteration  in  the  agonist  and  antagonist 
activity  of  TOT  was  observed  with  promoter-reporter- 
constructs  containing  a  simple  TATA  promoter  and  a 
more  complex,  pS2  promoter,  elevation  of  cAMP  did 
not  enhance  the  transcription  by  either  TOT  or  estra¬ 
diol  of  the  reporter  plasmid  ERE-thymidine  kinase- 
CAT  [15].  Thus,  this  phenomenon  is  promoter-specific. 


Of  note,  cAMP  and  protein  kinase  A  catalytic  subunit 
transfection  failed  to  evoke  transcription  by  the  more 
pure  antiestrogen  ICI  164,384  with  any  of  the  promoter- 
reporter  constructs  tested.  These  findings,  which  docu¬ 
ment  that  stimulation  of  the  protein  kinase  A  signaling 
pathway  activates  the  agonist  activity  of  tamoxifen-like 
antiestrogens,  may  in  part  explain  the  development  of 
tamoxifen  resistance  by  some  ER-containing  breast 
cancers.  They  also  suggest  that  the  use  of  antiestrogens 
like  ICI  164,384,  that  fail  to  activate  ER  transcription 
in  the  presence  of  cAMP,  may  prove  more  effective  for 
long-term  antiestrogen  therapy  in  breast  cancer. 

PHOSPHORYLATION  OF  THE 
ESTROGEN  RECEPTOR 

Since  our  data  suggested  that  estrogens,  and  agents 
that  activate  protein  kinases,  might  influence  ER  tran¬ 
scription  by  altering  the  state  of  phosphorylation  of  the 
ER  and/or  other  factors  required  for  ER  regulation  of 
transcription,  we  undertook  studies  to  examine  directly 
the  effects  of  these  agents  on  ER  phosphorylation. 
In  addition,  we  compared  the  effects  of  the  type  I  and 
type  II  antiestrogens  on  phosphorylation  of  the  ER 
(Table  1).  Estradiol,  each  of  the  two  antiestrogens, 
as  well  as  protein  kinase  A  and  C  activators  enhanced 
overall  ER  phosphorylation,  and  in  all  cases,  this 
phorphorylation  occurred  exclusively  on  serine  residues 
[35].  Tryptic  phosphopeptide  patterns  of  wild-type  and 
domain  A/B-deleted  receptors  and  site-directed  muta¬ 
genesis  of  several  serines  involved  in  known  protein 
kinase  consensus  sequences  allowed  us  to  identify  serine 
104  and/or  serine  106  and  serine  1 18,  all  three  being  part 
of  a  serine-proline  motif,  as  major  ER  phosphorylation 
sites.  Mutation  of  these  serines  to  alanines  so  as  to  elim¬ 
inate  the  possibility  of  their  phosphorylation,  resulted 
in  an  approx.  40%  reduction  in  transactivation  activity 
in  response  to  estradiol  while  mutation  of  only  one  of 
these  serines  showed  an  approx.  15%  decrease  in 
activation  [35].  Of  note,  estradiol  and  antiestrogen- 
occupied  ERs  showed  virtually  identical  two-dimen¬ 
sional  phosphopeptide  patterns  suggesting  similar  sites 
of  phosphorylation.  In  contrast,  the  cAMP-stimulated 
phosphorylation  likely  occurs  on  different  phosphoryl¬ 
ation  sites  as  indicated  by  some  of  our  mutational 
studies  [35]  and  this  aspect  remains  under  investigation 
in  our  laboratory. 

cAMP-DEPENDENT  SIGNALING  PATHWAY 
INVOLVEMENT  IN  ACTIVATION  OF  THE 
TRANSCRIPTIONAL  ACTIVITY  OF  ERs 

OCCUPIED  BY  TAMOXIFEN-LIKE  BUT  NOT 
ICI  164,384-LIKE  ANTIESTROGENS 

Our  data  provide  strong  evidence  for  the  involvement 
of  cAMP-dependent  signaling  pathways  in  the  agonist 
actions  of  tamoxifen-like  estrogen  antagonists.  The 
promoter-specificity  of  the  transcriptional  enhancement 
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phenomenon  suggests  that  factors  in  addition  to  ER  are 
probably  being  modulated  by  protein  kinase  A  pathway 
stimulation.  The  findings  imply  that  changes  in  the 
cAMP  content  of  cells,  which  can  result  in  activation 
of  the  agonist  activity  of  tamoxifen-like  antiestrogens, 
might  account,  at  least  in  part,  for  the  resistance  to 
•antiestrogen  therapy  that  is  observed  in  some  breast 
cancer  patients.  Of  interest,  MCF-7  cells  transplanted 
into  nude  mice  fail  to  grow  with  tamoxifen  treatment 
initially,  but  some  hormone-resistant  cells  grow  out 
into  tumors  after  several  months  of  tamoxifen  exposure 
[8,39,40].  Studies  have  shown  that  this  resistance  to 
tamoxifen  is,  more  correctly,  a  reflection  of  tamoxifen 
stimulation  of  proliferation,  representing  a  change  in 
the  interpretation  of  the  tamoxifen-ER  complex  and 
its  agonist/antagonist  balance.  It  is  of  interest  that  we 
found  the  pS2  gene,  which  is  under  estrogen  and  anti¬ 
estrogen  regulation  in  breast  cancer  [41],  to  be  activated 
by  tamoxifen  in  the  presence  of  elevated  cAMP.  By 
contrast,  however,  antiestrogens  such  as  ICI,  shown  in 
many  systems  to  be  more  complete  estrogen  antagon¬ 
ists,  are  not  changed  in  their  agonist/antagonist  balance 
by  increasing  intracellular  concentrations  of  cAMP. 
Therefore,  ICI -like  compounds  may  prove  to  be 
more  efficacious  and  less  likely  to  result  in  antiestrogen- 
stimulated  growth. 

The  transcriptional  enhancement  we  have  observed 
between  protein  kinase  A  activators  and  ER  occupied 
by  tamoxifen-like  antiestrogens  and  estradiol  provides 
further  evidence  for  cross-talk  between  the  ER  and 
signal  transduction  pathways  regulated  by  cAMP  that 
are  important  in  ER-dependent  responses. 
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ABSTRACT 

We  have  investigated  the  ability  of  several  transcriptionally  inac¬ 
tive  estrogen  receptor  (ER)  mutants  to  block  endogenous  ER-medi- 
ated  transcription  in  MCF-7  human  breast  cancer  cells.  In  transient 
transfections  of  MCF-7  cells,  two  of  the  mutants,  a  frame-shifted  ER 
(S554fs)  and  a  point-mutated  ER  (L540Q),  strongly  inhibit  the  ability 
of  endogenous  wild-type  ER  to  activate  transcription  of  estrogen- 
regulated  reporter  plasmids.  A  third  mutant,  ER1-530,  which  is  miss¬ 
ing  65  residues  from  its  carboxy-terminus,  is  a  weaker  repressor  of 
estradiol-stimulated  transcription.  When  an  estrogen  response  ele¬ 
ment  (ERE)-thymidine  kinase-chloramphenicol  acetyltransferase  re¬ 
porter  gene  is  used,  S554fs,  L540Q,  and  ER1-530  suppress  the  tran¬ 
scriptional  activity  of  endogenous  MCF-7  ER  by  87%,  97%,  and  62%, 
respectively.  The  magnitude  of  dominant  negative  repression  is  pro¬ 
moter  specific;  when  an  ERE-pS2-chloramphenicol  acetyltransferase 
reporter  is  employed,  inhibition  of  endogenous  ER  activity  by  equiv¬ 
alent  amounts  of  S554fs,  L540Q,  and  ER1-530  ranges  from  85-97%. 


Dose-response  studies  show  the  S554fs  mutant  to  be  the  most  potent 
of  the  three  ER  mutants  as  a  repressor  of  estrogen  action  in  these  cells. 
In  addition,  elevated  levels  of  intracellular  cAMP,  achieved  by  the 
addition  of  3-isobutyl- 1-methylxanthine  plus  cholera  toxin  to  cells, 
fail  to  compromise  the  effectiveness  of  these  mutants  as  dominant 
negative  ERs  despite  the  cAMP-enhanced  transcriptional  activity  of 
ER.  The  mutants  are  also  powerful  repressors  of  the  agonist  activity 
of  fra?zs-hydroxytamoxifen-stimulated  ER  transcription.  The  domi¬ 
nant  negative  activity  of  the  three  mutants  is  lost  when  the  A/B 
domain  of  these  receptors  is  deleted,  implying  an  important  role  for 
this  N-terminal  region  of  the  ER  in  the  ability  of  these  mutants  to 
inhibit  endogenous  wild-type  ER  activity.  All  in  all,  the  data  suggest 
that  S554fs  in  particular  is  a  reasonable  candidate  for  studies 
designed  to  use  a  dominant  negative  ER  to  inhibit  the  estrogen-  and 
tamoxifen-stimulated  growth  of  human  breast  cancer  cells. 
{Endocrinology  136:  3194-3199,  1995) 


THE  GROWTH  of  nearly  40%  of  all  human  breast  tumors 
is  highly  dependent  upon  the  sex  steroid  hormone, 
estrogen  (1-3).  As  the  proliferative  effect  of  estrogens  on 
breast  cancer  cells  is  mediated  by  the  estrogen  receptor  (ER), 
there  is  much  interest  in  exploring  the  means  by  which  this 
protein  can  be  functionally  inactivated.  We  are  currently 
investigating  the  possibility  of  eventually  employing  dom¬ 
inant  negative  ER  mutants  to  block  wild-type  ER-mediated 
transcription  and  growth  stimulation  in  estrogen-dependent 
breast  cancer  cells. 

The  ER,  which  belongs  to  the  conserved  superfamily  of 
steroid  and  thyroid  receptors,  is  a  nuclear  regulatory  protein 
that  functions  as  a  hormone-activated  transcription  factor  in 
target  cells  (4,  5).  Receptor  activation  is  apparently  a  conse¬ 
quence  of  ligand-induced  conformational  changes  in  ER 
structure  (6).  The  hormone-receptor  complex  binds  with  high 
affinity  to  a  well  defined  palindromic  nucleotide  sequence, 
the  estrogen  response  element  (ERE),  which  is  usually 
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located  upstream  of  an  estrogen-responsive  gene  (7,  8).  It 
appears  that  activated  receptors  recruit  transcription  factors 
and  establish  transcriptionally  productive  protein-protein  in¬ 
teractions  with  other  components  of  the  transcription  machin¬ 
ery  (9-11).  Current  attempts  to  functionally  inactivate  the  ER  in 
in  vivo  and  in  vitro  experimental  systems  and  in  actual  breast 
cancer  therapy  employ  the  antiestrogen,  tamoxifen.  Tamoxifen 
binds  to  the  ER  and  is  thought  to  induce  a  conformational 
change  that  renders  the  receptor  virtually  incapable  of  activat¬ 
ing  transcription  of  genes  involved  in  cancer  cell  proliferation 
and  tumorigenesis  (12).  Administered  antiestrogens  have  been 
found,  however,  to  retain  estrogenic  activity  in  certain  tissues, 
including  some  cancerous  mammary  tissues  (13).  We  wanted 
to  explore  the  feasibility  of  employing  dominant  negative  ER 
mutants  to  suppress  ER-mediated  transcription,  whether  1713- 
estradiol  (E2)  or  tamoxifen  stimulated,  in  estrogen-responsive 
breast  cancer  cells. 

Dominant  negative  mutants  of  a  protein,  when 
coexpressed  with  the  wild-type  version,  block  the  action  of 
the  parent  protein  (14-16).  Our  group  previously  reported 
the  successful  generation  of  three  dominant  negative  ER 
mutants  and  their  characterization  in  ER-deficient  Chinese 
hamster  ovary  (CHO)  cells  (17).  In  these  experiments,  we 
investigated  the  effectiveness  of  the  reported  mutants  as 
inhibitors  of  endogenous  ER  in  an  E2-stimulated  human 
breast  cancer  cell  line.  We  also  examined  the  issue  of  dom¬ 
inant  negative  inhibition  of  tamoxifen-stimulated  ER 
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transcription,  assessed  the  ability  of  the  ER  mutants  to  re¬ 
press  estrogen  action  in  the  presence  of  elevated  levels  of 
intracellular  cAMP,  and  examined  the  role  of  the  N-terminal 
portion  of  the  ER  in  dominant  negative  ER  activity.  These 
studies  should  prove  informative  in  efforts  to  identify  ER 
mutants  that  can  plausibly  be  employed  in  future  efforts  to 
antagonize  the  estrogen-  and  tamoxifen-stimulated  growth 
of  human  breast  cancer  cells. 

Materials  and  Methods 

Chemicals  and  materials 

Cell  culture  media  and  sera  were  purchased  from  Gibco  (Grand 
Island,  NY).  Radioinert  E2/  3-isobutyl-l-methylxanthine  (IBMX),  cholera 
toxin  (CT),  and  chloramphenicol  were  obtained  from  Sigma  Chemical 
Co.  (St.  Louis,  MO).  The  antiestrogen  frans-4-hydroxytamoxifen  (TOT) 
was  provided  by  ICI  Pharmaceuticals  (Macclesfield,  UK).  [3Hj Acetyl 
coenzyme  A  (1  mCi/ml)  was  obtained  from  DuPont-New  England 
Nuclear  (Boston,  MA). 

Plasmids 

For  transcriptional  activation  studies,  the  estrogen-responsive  plas¬ 
mids  ERE-tk-chloramphenicol  acetyltransf erase  (CAT)  (18)  and  (ERE)2- 
pS2-CAT  were  employed.  (ERE)2-pS2-CAT  was  constructed  by  W.  Lee 
Kraus  of  this  laboratory  by  cloning  two  copies  of  a  consensus  estrogen- 
responsive  element  into  the  BamHl  site  of  pS2-CAT  (19).  Mutant  human 
ER  complementary  DNAs  subcloned  into  the  eukaryotic  expression 
vector  pCMV5  (CMV  =  cytomegalovirus)  (20)  were  used  to  express  ER 
mutants  in  transfected  cells.  The  plasmid  pCHllO  (Pharmacia  LKB  Bio¬ 
technology,  Piscataway,  NJ),  which  contains  the  /3-galactosidase  gene, 
was  used  as  an  internal  control  for  transfection  efficiency  in  all  exper¬ 
iments.  The  plasmid  pTZ19,  used  as  carrier  DNA,  was  provided  by  Dr. 
Byron  Kemper  of  the  University  of  Illinois. 

ER  mutagenesis  and  expression  of  mutant  receptors  in  cells 

S554fs,  L540Q,  and  ER1-530  were  generated  as  previously  described 
(21).  The  M7  mutant  K520D/G521V/E523R/H524L  was  described  pre¬ 
viously  (17).  Complementary  DNAs  encoding  the  N-terminal-truncated 
(AA/B)  versions  of  these  mutants  were  generated  by  replacing  the 
Hindlll  fragment  of  these  full-length  mutants  with  the  HmdIII  fragment 
of  CMV-AA/B  hER  [which  deletes  nucleotides  from  the  CMV-5 
polylinker  (22)  to  codon  1761.  The  resultant  expression  vectors  contain 
the  human  ER-coding  region  from  amino  acids  176-595  and  produce 
human  ER  derivatives  that  are  deleted  of  residues  N-terminal  to  Met176 
in  the  ER  primary  sequence.  Although  we  could  not  accurately  deter¬ 
mine  levels  of  expression  in  MCF-7  cells  for  the  mutant  receptors  (AA/B 
dominant  negative  ERs,  S554fs,  L540Q,  ER1-530,  and  M7)  because  of  the 
small  percentage  of  cells  transfected  and  because  many  of  these  recep¬ 
tors  are  indistinguishable  on  Western  blots  from  endogenous  MCF-7  ER, 
we  did  compare  expression  levels  in  CHO  cells.  We  found  comparable 
levels  of  these  receptors  made  when  equal  amounts  of  expression  plas¬ 
mids  were  transfected  (as  reported  in  Refs.  17,  21,  and  23,  where  ex¬ 
pression  levels  for  many  of  these  mutants  were  determined).  We  also 
observed  that  the  AA/B  dominant  negative  ERs  and  AA/B  wild-type  ER 
were  expressed  at  similar  levels  after  transfection  into  MCF-7  cells. 

Cell  culture  and  transient  transfections 

MCF-7  human  breast  cancer  cells  were  maintained  in  Eagle's  Mini¬ 
mum  Essential  Medium  (MEM;  Gibco,  Grand  Island,  NY)  supplemented 
with  5%  calf  serum  (Hyclone,  Logan,  UT),  25  /xg/ml  gentamycin,  100 
U/ ml  penicillin  (Gibco),  and  100  /wg/ml  streptomycin  (Gibco).  Before  the 
experiments,  cells  were  maintained  for  1  week  in  MEM  containing  the 
above  antibiotics  and  5%  charcoal  dextran-treated  calf  serum  (CDCS); 
they  were  then  cultured  for  1  week  in  phenol  red-free  MEM  with  5% 
CDCS  and  the  same  antibiotics.  Transient  transfections  were  performed 
as  follows.  Cells  were  plated  at  about  4  X  106  cells/100-mm  dish,  main¬ 


tained  at  37  C  in  a  humidified  5%  C02  atmosphere  for  roughly  48  h,  and 
transfected  by  the  CaP04  coprecipitation  method  (24).  In  transactivation 
assays,  100-mm  plates  were  treated  with  1.0  ml  DNA  precipitate  con¬ 
taining  2.0  jug  reporter  plasmid,  3.0  jug  pCHllO  internal  control  plasmid, 
0.2-10  jug  ER  or  ER  mutant  expression  vector,  and  up  to  9  jug  pTZ  carrier 
DNA.  In  all  cases,  cells  remained  in  contact  with  the  precipitate  for  4-6 
h  and  were  then  subjected  to  a  3-min  glycerol  shock  (25%  in  MEM  plus 
5%  CDCS).  Plates  were  rinsed,  given  fresh  medium,  and  treated  with  E2, 
TOT,  E2  plus  IBMX/CT,  or  ethanol  vehicle  as  appropriate.  Cells  were 
harvested  after  24  h,  and  extracts  were  prepared  in  250  jul  250  mM  Tris, 
pH  7.5,  using  three  freeze-thaw  cycles.  /3-Galactosidase  activity  was 
measured  (25)  to  normalize  for  transfection  efficiency  among  plates. 
CAT  assays  were  performed  as  previously  described  (26). 

Results 

ER  mutants  S554fs  and  L540Q  are  potent  repressors  of 
E2-stimulated  endogenous  ER  activity 

Three  ER  mutants  were  selected  for  study  because  they 
had  previously  exhibited  strong  dominant  negative  activity 
in  transfected  CHO  cells  (17).  The  mutants,  generated  by 
random  chemical  mutagenesis,  include  a  frame  shift  (S554fs), 
a  point  mutation  (L540Q),  and  a  truncated  receptor  (ER1- 
530)  (21).  MCF-7  cells  were  transfected  with  either  the  ERE- 
tk-CAT  or  (ERE)2-pS2-CAT  reporter  plasmid  in  addition  to 
expression  vector  for  the  ER  mutant  under  examination.  CAT 
activity  in  response  to  a  saturating  dose  of  E2  (10-9  m)  was 
then  measured  for  each  mutant  studied.  The  data  in  Fig.  1 
indicate  dramatic  differences  in  resultant  CAT  activity  be¬ 
tween  MCF-7  cells  into  which  no  ER  mutants  were  intro¬ 
duced  and  those  transfected  with  dominant  negative  ERs. 
Whereas  endogenous  MCF-7  ER  exhibited  a  70-fold  induc¬ 
tion  of  transcriptional  activity  (set  at  100%)  from  an  ERE- 
tk-CAT  reporter  in  response  to  10-9  m  E2/  cells  transfected 
with  10  /ag  expression  vector  for  S554fs,  L540Q,  and  ER1-530 
exhibited  87%,  97%,  and  62%  repressions  of  E2-induced  tran¬ 
scription,  respectively  (Fig.  1).  Lesser  amounts  of  expression 
vector  for  each  mutant  were  used  in  an  attempt  to  gauge  their 
relative  potencies  as  dominant  negative  inhibitors.  These 
studies  showed  S554fs  to  be  the  most  potent  of  the  three  ER 
mutants  in  inhibiting  E2-induced  transcriptional  activity  in 
MCF-7  cells  (Fig.  1).  When  a  reporter  gene  containing  the  pS2 
promoter,  (ERE)2-pS2-CAT,  was  used  in  similar  experiments, 
E2  stimulated  a  30-fold  increase  in  MCF-7  ER  transcriptional 
activity,  and  10  jug  expression  vector  for  S554fs,  L540Q,  and 
ER1-530  repressed  ER-mediated  transcription  by  90%,  97%, 
and  85%,  respectively  (Fig.  2).  Comparative  studies  with 
lesser  amounts  of  the  three  mutants  again  showed  S554fs  to 
be  the  most  potent  of  the  three.  Another  ER  mutant,  K520D/ 
G521V/E523R/H524L  (M7),  which  was  previously  deter¬ 
mined  to  be  transcriptionally  inactive  and  to  show  only  mod¬ 
est  ER  inhibitory  activity  in  CHO  cells  (17, 27),  was  assayed 
for  dominant  negative  activity  in  the  MCF-7  cell  system. 
Consistent  with  its  weak  dominant  negative  activity  in  CHO 
cells,  the  M7  mutant  failed  to  inhibit  ER-mediated  transcrip¬ 
tion  from  either  reporter  gene  employed  in  this  study  when 
transfected  at  the  1.5  /xg  expression  plasmid  level  (Figs.  1  and 
2),  whereas  it  demonstrated  some  suppressive  activity  at  the 
10-/xg  plasmid  concentration,  but  always  much  less  than  that 
of  the  three  dominant  negative  mutants.  Transfection  of  10 
jag  of  the  empty  vector  pCMV5  had  no  effect  on  endogenous 
MCF-7  ER  activity  (data  not  shown). 
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Fig.  1.  Dose-response  analysis  of  the 
ability  of  ER  mutants  to  block  E2-stimu- 
lated  transcriptional  activity  of  endoge¬ 
nous  ER.  MCF-7  cells  were  cotransfected 
with  the  reporter  plasmid  ERE-tk-CAT; 
the  indicated  amounts  of  expression  vec¬ 
tor  for  the  ER  mutants  S554fs,  L540Q, 
ER1-530,  and  M7;  and  a  /3-galactosidase 
internal  reporter  to  correct  for  transfec¬ 
tion  efficiency.  Two  tenths  to  10  pg  mu¬ 
tant  ER  expression  vector  were  em¬ 
ployed.  Cells  were  treated  with  10-9  M  E2 
for  24  h.  Extracts  were  prepared  and  an¬ 
alyzed  for  /3-galactosidase  and  CAT  ac¬ 
tivity  as  described  in  Materials  and  Meth¬ 
ods.  The  magnitude  of  wild-type  (MCF-7) 
ER  activation  by  E2  alone  was  set  at 
100%.  Error  bars  represent  the  range 
(n  =  2  experiments)  or  SEM  (n  =  3-6  ex¬ 
periments).  Each  value  from  an  experi¬ 
ment  is  the  average  of  duplicate  determi¬ 
nations  from  two  plates  of  cells. 
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Fig.  2.  Examination  of  the  ability  of  ER  mutants  to  block  E2-stim- 
ulated  endogenous  ER  transcriptional  activity  from  a  reporter  plas¬ 
mid  containing  the  pS2  promoter.  MCF-7  cells  were  cotransfected 
with  the  reporter  plasmid  (ERE)2-pS2-CAT;  1.5  or  10  pg  expression 
vector  for  the  ER  mutants  S554fs,  L540Q,  ER1-530,  and  M7;  and  a 
/3-galactosidase  internal  reporter  to  correct  for  transfection  efficiency. 
Cells  were  treated  with  10”9  M  E2  for  24  h.  Extracts  were  prepared 
and  analyzed  for  /3-galactosidase  and  CAT  activity  as  described  in 
Materials  and  Methods.  The  magnitude  of  wild-type  ER  activation  by 
E2  alone  was  set  at  100%.  Error  bars  represent  the  range  (n  =  2 
experiments)  or  SEM  (n  =  3-6  experiments).  Each  value  from  an 
experiment  is  the  average  of  duplicate  determinations  from  two  plates 
of  cells. 

Dominant  negative  mutants  strongly  antagonize 
tamoxifen-stimulated  transcription 

We  next  examined  whether  the  ER  mutants  were  capa¬ 
ble  of  inhibiting  TOT-stimulated  transcription.  TOT  treat¬ 
ment  of  MCF-7  cells  resulted  in  a  9-fold  induction  of  ER- 
mediated  transcription,  i.e.  a  response  about  30%  of  that 
elicited  by  E2  (Fig.  3).  This  activity  was  almost  completely 
eliminated  in  cells  containing  any  of  the  transfected  dom¬ 


Fig.  3.  Examination  of  the  ability  of  ER  mutants  to  block  TOT-stim- 
ulated  transcriptional  activity  of  endogenous  ER.  MCF-7  cells  were 
cotransfected  with  the  (ERE)2-pS2-CAT  reporter  plasmid;  0.2  pg  ex¬ 
pression  vector  for  the  ER  mutants  S554fs,  L540Q,  and  ER1-530;  and 
a  /3-galactosidase  internal  reporter  to  correct  for  transfection  effi¬ 
ciency.  Cells  were  treated  with  10-7  M  TOT  for  24  h.  Extracts  were 
prepared  and  analyzed  for  /3-galactosidase  and  CAT  activity  as  de¬ 
scribed  in  Materials  and  Methods.  The  magnitude  of  wild-type  ER 
activation  by  TOT  alone  (8-fold)  was  set  at  100%.  Error  bars  represent 
the  range  (n  =  2  experiments)  or  sem  (n  =  3  experiments).  Each  value 
from  an  experiment  is  the  average  of  duplicate  determinations  from 
two  plates  of  cells. 


inant  negative  mutants.  A  low  amount  (0.2  pg)  of  expres¬ 
sion  vector  for  S554fs,  L540Q,  and  ER1-530  suppressed 
100%,  84%,  and  93%  of  TOT-stimulated  transcription,  re¬ 
spectively  (Fig.  3).  Thus,  the  stimulatory  activity  of  the 
TOT-occupied  MCF-7  ERs  appeared  to  be  even  more  ef¬ 
fectively  suppressed  by  the  dominant  negative  ER  mutants 
than  was  that  of  the  E2-occupied  receptors. 
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S554fs  and  L540Q  function  well  as  dominant  negative 
receptors  in  the  presence  of  elevated  intracellular  cAMP 

Recent  reports  have  documented  the  ability  of  protein 
kinase  A  activators  to  increase  ligand-stimulated  transacti¬ 
vation  by  steroid  receptors,  including  ER  (18,  23,  28-32).  As 
such,  the  ability  of  the  mutant  ERs  to  antagonize  ER-medi- 
ated  transcription  in  the  presence  of  high  levels  of  intracel¬ 
lular  cAMP  was  assessed  by  treating  transfected  MCF-7  cells 
not  only  with  E2,  but  also  with  IBMX/CT,  agents  that  have 
been  shown  to  elevate  intracellular  cAMP  in  these  cells  (33). 
Although  there  was  a  strong  induction  of  ER-mediated  tran¬ 
scriptional  activity  from  the  ERE-tk-CAT  reporter  gene  in 
response  to  E2  treatment  (set  at  100%),  this  was  elevated 
consistently  (~  1.4-fold)  when  IBMX/CT  was  also  adminis¬ 
tered  to  transfected  cells.  Exposure  to  IBMX/CT  alone  had 
little  effect  on  MCF-7  ER  activity.  When  0.75  jag  expression 
plasmid  for  each  of  the  dominant  negative  mutants  was 
introduced  into  E2-  plus  IBMX/CT-treated  MCF-7  cells, 
S554fs,  L540Q,  and  ER1-530  achieved  repressions  of  87%, 
88%,  and  61%,  respectively  (Fig.  4A,  H).  These  levels  of  in¬ 
hibition  compare  favorably  to  those  achieved  in  the  absence 
of  elevated  intracellular  cAMP  and  were,  in  fact,  slightly 
greater.  Similar  experiments  (Fig.  4B)  were  conducted  using 
the  (ERE)2-pS2-CAT  reporter  gene;  E2  plus  IBMX/CT  expo¬ 
sure  elicited  a  stimulation  of  MCF-7  ER  CAT  activity  2.2-fold 
that  evoked  by  E2  alone.  Once  again,  repression  of  ER  activity 
by  the  dominant  negative  mutants  in  the  absence  of  in¬ 
creased  levels  of  intracellular  cAMP  was  almost  identical  to 
that  in  the  presence  of  added  IBMX/CT  (Fig.  4B).  The  ex¬ 
periments  suggest  that  the  presence  of  high  levels  of  cAMP 
does  not  impair  the  ability  of  these  mutants  to  act  as  strong 
dominant  negative  inhibitors  of  ER  action  despite  the  c AMP- 
stimulated  enhancement  of  ER  transcriptional  activity. 


ER  mutants  deleted  of  their  N-terminal  transactivation 
function  lose  the  dominant  negative  phenotype 

The  dominant  negative  ER  mutants  contain  the  entire  A/B 
regions  of  the  receptor  and,  therefore,  have  an  intact  N- 
terminal  transactivation  (AF-1)  domain.  These  AF-1  regions, 
which  are  widely  thought  to  be  hormone  independent  (34), 
might  confer  upon  the  mutants  some  intrinsic  ability  to  ac¬ 
tivate  transcription,  thereby  reducing  their  dominant  nega¬ 
tive  inhibitory  action.  In  an  attempt  to  further  increase  the 
potency  of  the  ER  mutants  as  dominant  negative  ER  inhib¬ 
itors,  we  deleted  the  first  175  residues  at  their  N-terminals 
and,  therefore,  removed  their  AF-1  transactivation  functions. 
We  then  transfected  MCF-7  cells  with  these  truncated  ER 
mutants  and  compared  their  abilities  to  function  as  dominant 
negative  ER  repressors  with  those  of  the  full-length  domi¬ 
nant  negative  mutants.  Although  0.5  jag  expression  vector  for 
S554fs  and  L540Q  achieved  60%  and  20%  repression  of  tran¬ 
scriptional  activity,  and  1.5  jag  expression  vector  for  S554fs 
and  L540Q  achieved  80-85%  repression  of  transcriptional 
activity,  equivalent  amounts  of  AA/B  S554fs  and  AA/B 
L540Q  showed  little  ability  to  repress  E2  action  (Fig.  5).  The 
ER1-530  mutant,  although  the  least  effective  of  the  three 
dominant  negative  receptors,  also  became  less  effective  in 
suppressing  endogenous  ER  activity  when  present  in  the 
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Fig.  4.  Examination  of  the  ability  of  ER  mutants  to  block  E2- 
stimulated  transcriptional  activity  of  endogenous  ER  in  the  presence 
of  elevated  intracellular  cAMP.  MCF-7  cells  were  cotransfected  with 
the  ERE-tk-CAT  reporter  plasmid;  0.75  jag  expression  vector  for  the 
ER  mutants  S554fs,  L540Q,  ER1-530,  and  M7;  and  a  /3-galactosidase 
internal  reporter  to  correct  for  transfection  efficiency  (A)  or  the  ERE2- 
pS2-CAT  reporter  plasmid,  1.5  jag  mutant  ER  expression  vector,  and 
a  j3-galactosidase  internal  reporter  (B).  Cells  were  treated  with 
IBMX/CT  alone,  E2  alone,  or  10-9  M  E2  and  10~4  M IBMX  plus  1  jag/ml 
CT  for  24  h.  Extracts  were  prepared  and  analyzed  for  j3-galactosidase 
and  CAT  activities  as  described  in  Materials  and  Methods.  The  mag¬ 
nitude  of  wild-type  ER  activation  by  E2  alone  was  set  at  100%,  and 
all  values  (with  and  without  IBMX/CT  exposure)  are  expressed  as  a 
percentage  of  the  value  for  wild-type  ER  plus  E2  alone.  Error  bars 
represent  the  range  (n  =  2  experiments)  or  sem  (n  =  3  experiments). 
Each  value  from  an  experiment  is  the  average  of  duplicate  determi¬ 
nations  from  two  plates  of  cells. 


truncated  (AA/B)  form  (Fig.  5).  Using  1.5  jag  expression 
vector,  the  ER1-530  mutant  achieved  a  45%  repression  of 
endogenous  ER  activity;  the  repression  was  reduced  to  15% 
for  the  AA/B  ER1-530  mutant.  As  such,  deletion  of  the  AF-1 
transactivation  domain  from  these  ER  mutants  not  only 
failed  to  increase  their  potency  as  dominant  negative  ER 
repressors,  but  it  also  destroyed  their  ability  to  function  as 
effective  inhibitors  of  ER  action. 


Discussion 

We  report  that  two  human  ER  mutants,  S554fs  and 
L540Q,  are  potent  dominant  negative  inhibitors  of  endo¬ 
genous  ER  transcriptional  activity  in  MCF-7  human  breast 
cancer  cells.  A  third  mutant,  ER1-530,  is  a  weaker  repres- 
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Fig.  5.  Examination  of  the  ability  of  AA/B  ER  mutants  to  block  E2- 
stimulated  transcriptional  activity  of  endogenous  ER.  MCF-7  cells 
were  cotransfected  with  the  ERE-tk-CAT  reporter  plasmid,  a  0-ga- 
lactosidase  internal  reporter  to  correct  for  transfection  efficiency,  and 
0.5  or  1.5  /xg  expression  vector  for  the  ER  mutants  S554fs,  AA/B 
S554fs,  L540Q,  AA/B  L540Q,  ER1-530,  AA/B  ER1-530,  and  M7.  Cells 
were  treated  with  10“9  M  E2  for  24  h.  Extracts  were  prepared  and 
analyzed  for  /3-galactosidase  and  CAT  activities  as  described  in 
Materials  and  Methods.  The  magnitude  of  wild-type  ER  activation  by 
E2  alone  was  set  at  100%.  Error  bars  represent  the  range  (n  =  2 
experiments)  or  sem  (n  -  3  experiments).  Each  value  from  an  exper¬ 
iment  is  the  average  of  duplicate  determinations  from  two  plates  of 
cells. 

sor  of  ER  action  in  this  cell  line.  As  S554fs  has  previously 
been  shown  to  bind  to  ERE  DNA  with  a  lower  affinity  than 
that  of  wild-type  ER  (17),  its  relatively  high  potency  as  a 
dominant  negative  ER  in  MCF-7  cells  may  arise  from  an 
ability  to  form  heterodimers  with  the  wild-type  ER,  which 
are  transcriptionally  compromised.  Alternatively,  it  could 
be  the  result  of  a  greater  ability  on  the  part  of  S554fs  to 
sequester  cellular  factors  with  which  wild-type  ER  inter¬ 
acts  to  activate  transcription.  Transcriptional  inactivity 
alone  is  not  sufficient  to  confer  a  strong  dominant  negative 
phenotype,  however,  because  the  ER  mutant  M7  was  not 
an  effective  repressor  of  MCF-7  ER  activity  at  concentra¬ 
tions  (0.5  or  1.5  pg)  at  which  the  dominant  negative  ER 
mutants  showed  suppressive  activity.  At  higher  plasmid 
concentrations  (10  pg),  M7  showed  some  suppressive  ac¬ 
tivity,  consistent  with  its  ability  to  act  as  an  ER-selective 
inhibitor  at  high  concentrations  (17,  27). 

S554fs,  L540Q,  and  ER1-530  all  proved  to  be  extremely 
effective  inhibitors  of  TOT-stimulated  ER  activity.  It  is  pos¬ 
sible  that  the  conformation  of  wild-type  ER  when  bound  by 
TOT  (6, 10, 35)  may  lend  the  receptor  to  easy  suppression  not 
only  by  S554fs  and  L540Q,  but  also  by  ER1-530. 

Given  reports  documenting  the  ability  of  protein  kinase  A 
activators  to  increase  ligand-stimulated  transactivation  by 
ER  (23, 28)  as  well  as  recent  studies  by  us  demonstrating  the 
occasional  transcriptional  activation  of  the  ER  mutants 
S554fs  and  L540Q  in  some  cell  and  promoter  contexts  by  a 
combination  of  estrogen  or  antiestrogen  ligands  and  agents 
that  elevate  intracellular  cAMP  (18),  we  assessed  the  ability 
of  the  mutant  ERs  to  antagonize  ER-mediated  transcription 
in  the  presence  of  high  levels  of  intracellular  cAMP.  When 
the  dominant  negative  ER  mutants  were  introduced  into  E2- 
and  IBMX/CT-treated  MCF-7  cells,  S554fs,  L540Q,  and 


ER1-530  achieved  repressions  of  87%,  88%,  and  61%,  respec¬ 
tively,  which  compare  favorably  with  those  achieved  in  the 
absence  of  elevated  intracellular  cAMP.  As  it  is  now  clear  that 
cell  and  promoter  context  markedly  influence  transcriptional 
activation  by  the  ER  (34,  36)  and  other  steroid  and  thyroid 
hormone  receptors  (37, 38),  it  is  possible  that  elevated  levels 
of  cAMP  in  MCF-7  cells  modulate  either  the  conformation  or 
the  activity  of  wild-type  ER,  the  mutant  ERs,  or  cellular 
factors  with  which  they  interact,  so  as  to  maintain  or  even 
enhance  the  dominant  negative  effects  seen. 

Of  note,  we  observed  that  deletion  of  the  N-terminal  A/B 
domain  of  the  dominant  negative  receptors,  which  contains 
the  AF-1  transactivation  region,  rendered  them  ineffective. 
Therefore,  it  appears  that  the  N-terminal  region  of  the  ER, 
which  is  known  to  interact  with  other  cellular  factors  (34, 36), 
is  necessary  for  the  ER  mutants  to  function  as  dominant 
negative  inhibitors.  This  raises  the  distinct  possibility  that  the 
mutants  may  need  to  interact  with  cellular  factors  other  than 
the  ER  to  achieve  their  inhibitory  effects  and  is  consistent 
with  the  promoter  dependence  of  the  dominant  negative 
phenomenon.  For  example,  the  mutants,  especially  ER1-530, 
differed  somewhat  in  their  effectiveness  in  suppressing 
MCF-7  ER  activity  on  the  estrogen-responsive  tk  vs.  pS2 
promoter  gene  constructs  studied.  On  the  other  hand,  the 
possibility  that  the  N-terminal-truncated  ER  mutants  may  be 
impaired  in  some  other  function,  such  as  dimerization,  can¬ 
not  be  formally  discounted,  and  experiments  exploring  these 
issues  are  being  undertaken. 

Recent  studies  have  revealed  the  presence  of  ER  variants, 
some  demonstrating  dominant  negative  activity,  in  breast 
cancers  (1).  These  naturally  occurring  variants  are  truncated 
receptors  due  to  the  deletion  of  exon  3  (39)  or  exon  7  (40). 
Their  role  in  modulating  the  response  of  wild-type  ER  to 
endocrine  therapies  is  an  issue  of  great  interest.  Our  studies 
indicate  that  potent  dominant  negative  ER  mutants  can 
markedly  suppress  the  activity  of  the  endogenous  wild-type 
ER  in  breast  cancer  cells. 

In  summary,  ER  mutants  S554fs  and  L540Q  seem  to  be 
potent  repressors  of  ligand-stimulated  transcriptional  activ¬ 
ity  in  MCF-7  cells.  Although  cAMP  significantly  elevates 
wild-type  ER-mediated  transcriptional  activity,  the  presence 
of  elevated  levels  of  intracellular  cAMP  does  not  seem  to 
thwart  the  ability  of  any  of  these  mutants  to  function  as 
dominant  negative  ER  suppressors  in  MCF-7  cells;  in  fact,  in 
these  cells,  it  sometimes  appeared  to  enhance  their  inhibitory 
function  slightly.  The  results,  taken  as  a  whole,  strongly 
suggest  the  suitability  of  these  ER  mutants  for  further  ex¬ 
periments  aimed  at  suppressing  not  only  the  ligand-induced 
transcriptional  activity  of  ER  in  MCF-7  human  breast  cancer 
cells,  but  also  the  stimulation  of  cell  growth  and  proliferation. 
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Estrogen  Receptors:  Bioactivities  and  Interactions  with  Cell  Signaling  Pathways1 

Benita  S.  Katzenellenbogen2 
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ABSTRACT 

Estrogens  regulate  the  growth,  differentiation,  and  functioning  of  diverse  target  tissues,  both  within  and  outside  of  the  reproductive 
system.  Most  of  the  actions  of  estrogens  appear  to  be  exerted  via  the  estrogen  receptor  (ER)  of  target  cells,  an  intracellular  receptor  that 
is  a  member  of  a  large  superfamily  of  proteins  that  function  as  ligand-activated  transcription  factors,  regulating  the  synthesis  of  specific 
RNAs  and  proteins.  To  understand  how  the  ER  discriminates  between  estrogen  ligands,  which  activate  the  ER,  and  antiestrogen  ligands, 
which  fail  to  effectively  activate  the  ER,  we  have  generated  and  analyzed  human  estrogen  receptors  with  mutations  in  the  ER  hormone 
binding  domain.  These  studies  provide  evidence  for  the  promoter-specific  and  cell-specific  actions  of  the  estrogen-occupied  and  anties- 
trogen-occupied  ER,  highlight  a  regional  dissociation  of  the  hormone  binding  and  transcription  activation  functions  in  domain  E  of  the 
receptor,  and  indicate  that  some  of  the  contact  sites  of  estrogens  and  antiestrogens  in  the  ER  are  likely  different.  In  addition,  multiple 
interactions  among  different  cellular  signaling  pathways  are  involved  in  the  regulation  of  gene  expression  and  cell  proliferation  by  the  ER. 

In  several  cell  types,  protein  kinase  activators  and  some  growth  factors  enhance  the  transcriptional  activity  of  the  ER.  Cyclic  AMP  also 
alters  the  agonist/antagonist  balance  of  some  antiestrogens.  Estrogens  and,  to  a  lesser  extent,  antiestrogens,  as  well  as  protein  kinase 
activators  and  growth  factors  increase  phosphorylation  of  the  ER  and  possibly  other  proteins  involved  in  the  ER-specific  response  pathway, 
suggesting  that  changes  in  cellular  phosphorylation  state  will  be  important  in  determining  the  biological  activity  of  the  ER  and  the  effec¬ 
tiveness  of  antiestrogens  as  estrogen  antagonists.  The  ER  also  has  important  interrelationships  with  the  progesterone  receptor  (PR)  system 
in  modulation  of  biological  responses.  Liganded  PR-A  and  PR-B  can  each  suppress  estradiol-stimulated  ER  activity,  with  the  magnitude  of 
repression  dependent  on  the  PR  isoform,  progestin  ligand,  promoter,  and  cell  type.  These  findings  underscore  the  mounting  evidence  for 
the  importance  of  interactions  between  members  of  the  steroid  hormone  receptor  family. 


OVERVIEW:  THE  DIVERSITY  OF  ESTROGEN 
TARGET  TISSUES 

The  actions  of  estrogenic  hormones  are  mediated  through 
the  estrogen  receptor  (ER),  a  member  of  a  large  superfamily 
of  nuclear  receptors  that  function  as  ligand-activated  tran¬ 
scription  factors.  These  receptor  proteins  share  a  common 
structural  and  functional  organization,  with  distinct  domains 
that  are  responsible  for  ligand-binding,  DNA-binding,  and 
transcription  activation  [1—51- 

Two  highly  conserved  regions  are  observed  in  these  re¬ 
ceptors,  one  in  approximately  the  middle  of  the  protein 
(known  as  domain  C),  which  is  involved  in  interaction  with 
DNA,  and  one  in  the  carboxy-terminal  region  (known  as 
domain  E/F)  that  binds  hormones  and  is  structurally  and 
functionally  complex.  Upon  binding  estrogen,  the  ER  binds 
to  estrogen-response-element  DNA,  often  located  in  the  5' 
flanking  region  of  estrogen  responsive  genes.  These  DNA 
sequences  function  as  enhancers,  conferring  estrogen  in- 
ducibility  on  the  genes.  The  estrogen-occupied  receptor  is 
then  thought  to  interact  with  transcription  factors  and  other 
components  of  the  transcriptional  complex  to  modulate 
gene  transcription  [4-81. 

Estrogens,  acting  via  the  ER,  play  important  roles  in  reg¬ 


1This  research  was  supported  by  grants  CA18119  and  CA60514  from  the  National  Insti¬ 
tutes  of  Health  and  by  grant  DAMD17-94-J-4205  from  the  U.S.  Army. 
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ulating  the  growth,  differentiation,  and  functioning  of  many 
reproductive  tissues  including  the  uterus,  vagina,  ovary, 
oviduct,  and  mammary  gland.  In  the  uterus  and  mammary 
gland,  estrogens  increase  proliferation  and  alter  cell  prop¬ 
erties  via,  at  least  in  part,  the  induction  of  growth  factors 
and  growth  factor  receptors,  an  effect  largely  antagonized 
by  antiestrogens  [9-13].  Estrogens  also  have  important  sites 
of  action  in  the  pituitary,  hypothalamus,  and  specific  brain 
regions,  while  exerting  crucial  actions  as  well  on  other  tis¬ 
sues  including  bone,  liver,  and  the  cardiovascular  system 
[14-16].  Thus  these  hormones  exert  their  effects  on  many, 
diverse  target  tissues.  Because  of  this  diversity  of  estrogen 
target  tissues,  much  current  interest  focuses  on  trying  to  un¬ 
derstand  the  basis  for  the  cell  context-  and  promoter  con¬ 
text-dependent  actions  of  estrogens  and  antiestrogens  [17- 
20]  and  on  the  development  of  estrogens  and  antiestrogens 
with  enhanced  tissue-selective  activities. 

The  actions  of  estrogens  are  antagonized  by  antiestro¬ 
gens,  which  bind  to  the  ER  in  a  manner  that  is  competitive 
with  estrogen;  but  antiestrogens  usually  fail  to  effectively 
activate  gene  transcription  [21-251.  The  structures  of  some 
estrogens  and  antiestrogens  are  shown  in  Figure  1  and,  as 
can  be  seen,  they  include  both  steroidal  and  nonsteroidal 
compounds.  Antiestrogens  typically  have  a  basic  or  polar 
side  chain,  and  this  side  chain  is  essential  for  their  anties¬ 
trogenic  activity.  Antiestrogens  are  of  particular  interest  and 
utility  because  of  their  effectiveness  in  suppressing  the  es¬ 
trogen-stimulated  proliferation  and  metastatic  activity  of  ER- 
containing  breast  cancers  [9-11, 13,  21-251. 
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FIG.  1.  Structures  of  several  estrogenic  and  antiestrogenic  ligands  for  the  estrogen 
receptor.  The  antiestrogens  include  the  nonsteroidal  compounds  tamoxifen  and 
LY1 17018  and  the  steroidal  antiestrogen  101164,384. 


ESTROGEN  RECEPTOR 
STRUCTURE-ACTIVITY  RELATIONSHIPS 

In  order  to  better  understand  the  bioactivities  of  estrogens 
and  antiestrogens  and  their  differing  interactions  with  the  ER, 
we  have  focused  some  of  our  studies  on  identifying  the 
regions  of  the  ER  that  are  involved  in  estrogen  and  antiestro¬ 
gen  binding  and  in  discriminating  between  estrogen  and  an¬ 
tiestrogen  [26-31].  Since  the  hormone-binding  domain  of  the 
ER  is  large  (more  than  250  amino  acids),  analysis  of  its  struc¬ 
ture  and  its  functional  complexity  is  challenging.  We  have 
used  three  approaches  for  studying  estrogen  receptor  ligand- 
receptor-response  relationships,  namely,  affinity  labeling  [32] 
site-directed  mutagenesis,  and  region-specific  chemical  mu¬ 
tagenesis  of  the  hormone  binding  domain. 

Many  of  our  studies  have  analyzed  in  detail  the  hormone 
binding  domain  of  the  estrogen  receptor,  regions  E  and  F, 
since  this  domain  of  the  receptor  contains  both  hormone 
binding  and  hormone-dependent  transactivation  functions  of 
the  receptor.  In  our  attempts  to  understand  how  the  receptor 
discriminates  between  estrogen  and  antiestrogen  ligands,  we 
have  generated  and  analyzed  variant  human  estrogen  recep¬ 
tors  with  mutations  in  the  ER  hormone-binding  domain  and 
studied  the  activity  of  these  receptors  on  different  estrogen- 
responsive  genes  in  several  cell  backgrounds  when  liganded 
with  antiestrogenic  or  estrogenic  ligands.  These  studies  and 
those  of  others  [17-20]  have  provided  consistent  evidence  for 
the  promoter-specific  and  cell-specific  actions  of  the  estrogen- 
occupied  and  antiestrogen-occupied  ER.  In  addition,  al¬ 
though  the  binding  of  estrogens  and  antiestrogens  is  mutually 
competitive,  studies  with  ER  mutants  indicate  that  some  of  the 
contact  sites  of  estrogens  and  antiestrogens  are  likely  different 
[29-31,  33].  Our  recent  studies  also  reveal  that  the  presence 
of  the  carboxy-terminal  F  domain  of  the  ER  is  important  in 
the  transcription  activation  and  repression  activities  of  anti¬ 
estrogens  and  that  it  affects  the  magnitude  of  liganded  ER 
bioactivity  in  a  cell-specific  manner  [18].  The  influence  of  the 


F  domain  on  the  agonist/antagonist  balance  and  potency  of 
antiestrogens  supports  its  specific  modulatory  role  in  the  li¬ 
gand-dependent  interaction  of  ER  with  components  of  the 
transcription  complex.  These  studies  ([18,  26-34],  see  below) 
have  provided  evidence  for  a  regional  dissociation  of  the  hor¬ 
mone  binding  and  transcription  activation  regions  in  domain 
E  of  the  receptor  and  have  also  shown  that  mutations  in  the 
hormone  binding  domain  and  deletions  of  C-terminal  region  3 
result  in  ligand  discrimination  mutants,  that  is,  receptors  that 
are  differentially  altered  in  their  ability  to  bind  and/or  mediate 
the  actions  of  estrogens  versus  antiestrogens. 

A  variety  of  studies  [17-20,  26-35]  have  provided  strong 
documentation  that  the  response  of  genes  to  estrogen  and 
antiestrogen  depend  on  several  important  factors:  1)  the  na¬ 
ture  of  the  estrogen  receptor,  i.e.,  whether  it  is  wild  type  or 
variant;  2)  the  ligand;  3)  the  promoter;  and  4)  the  cell  con¬ 
text.  The  gene  response,  in  addition,  can  be  modulated  by 
cAMP,  growth  factors,  and  agents  that  affect  protein  kinases 
and  cell  phosphorylation  [19,  36-40].  These  factors,  no 
doubt,  account  for  differences  in  the  relative  agonism/an- 
tagonism  of  antiestrogens  like  tamoxifen  on  different  genes 
and  in  different  target  cells  such  as  those  in  breast  cancer 
cells  versus  uterine  or  bone  cells. 

Although  both  estrogens  and  antiestrogens  bind  within 
the  hormone  binding  domain,  the  association  must  differ 
because  estrogen  binding  activates  a  transcriptional  en¬ 
hancement  function,  whereas  antiestrogens  fully  or  partially 
fail  in  this  role.  Antiestrogens  are  believed  to  act  in  large 
measure  by  competing  for  binding  to  the  ER  and  altering 
the  conformation  of  the  ER  such  that  the  receptor  fails  to 
effectively  activate  gene  transcription.  In  addition,  antiestro¬ 
gens  exert  antigrowth  factor  activities  via  a  mechanism  that 
requires  ER  but  is  still  not  fully  understood  ([4 1-43]  and 
refs,  therein).  Models  of  antiestrogen  action  at  the  molecular 
level  are  beginning  to  emerge,  and  recent  biological  studies 
as  well  indicate  that  antiestrogens  fall  into  at  least  two  dis¬ 
tinct  categories:  antiestrogens  such  as  tamoxifen  that  are 
mixed  or  partial  agonists/antagonists  (type  I)  and  com¬ 
pounds  such  as  10164,384  that  are  complete/pure  antago¬ 
nists  (type  II).  The  type  I  antihormone-ER  complexes  ap¬ 
pear  to  bind  as  dimers  to  estrogen  response  elements;  there, 
they  block  hormone-dependent  transcription  activation  me¬ 
diated  by  region  E  of  the  receptor,  but  they  are  believed  to 
have  little  or  no  effect  on  the  hormone-independent  tran¬ 
scription  activation  function  located  in  region  A/B  of  the 
receptor  [17].  Thus,  they  are  generally  partial  or  mixed  ag¬ 
onist/antagonists,  and  their  action  must  involve  some  subtle 
difference  in  ligand-receptor  interaction,  very  likely  asso¬ 
ciated  with  the  basic  or  polar  side  chain  that  characterizes 
the  antagonist  members  of  this  class.  In  the  case  of  the  more 
complete  antagonists  such  as  10164,38 4,  ER  conformation 
must  clearly  differ  from  that  of  the  estrogen-occupied  ER 
since  some  differences  in  ER  binding  to  DNA  and  reduction 
of  the  ER  content  of  target  cells  appear  to  contribute  to 
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[44,  45],  but  may  not  fully  explain,  the  pure  antagonist  char¬ 
acter  of  this  antiestrogen  [41,  42]. 

In  order  to  understand  how  the  ER  “sees”  an  antiestrogen 
as.  different  from  an  estrogen,  we  have  used  site-directed  and 
regional  chemical  mutagenesis  of  the  ER  cDNA  to  generate 
estrogen  receptors  with  selected  changes  in  the  hormone 
binding  domain.  We  have  been  particularly  interested  in  iden¬ 
tifying  residues  in  the  hormone  binding  domain  important  for 
the  binding  of  estrogen  and/or  antiestrogen  and  for  the  tran¬ 
sactivation  functions  of  the  receptor,  and  in  elucidating  the 
mechanism  by  which  the  ER  differently  interprets  agonistic 
and  antagonistic  ligands.  Our  studies  have  indicated  that  se¬ 
lective  changes  near  amino  acid  380  and  amino  acids  520- 
530  and  changes  at  the  C-terminus  of  the  ER  result  in  ER  ligand 
discrimination  mutants  [18,  26,  29,  30].  These  data  provide  ev¬ 
idence  that  some  contact  sites  of  the  receptor  with  estrogen 
and  antiestrogen  differ  and  that  the  conformation  of  the  re¬ 
ceptor  with  estrogen  and  antiestrogen  must  also  be  different 
as  a  consequence  ([29,  33]  and  refs,  therein). 

Our  observations  [26,  31],  as  well  as  very  important  studies 
by  Malcolm  Parker  and  colleagues  [34,  46],  have  shown  a  sep¬ 
aration  of  the  transactivation  and  hormone-binding  functions 
of  the  ER  with  amino  acids  critical  in  the  transactivation  func¬ 
tion  of  the  receptor  being  more  C-terminal  in  domain  E  (see 
Fig.  2).  Interestingly,  some  transcriptionally  inactive  receptors 
with  modifications  in  this  domain  E  C-terminal  activation  func¬ 
tion  2  (AF-2)  region  of  the  ER  have  potent  dominant  negative 
activity,  being  able  to  suppress  the  activity  of  the  wild-type 
ER  in  cells  [27,  28]. 

ESTROGEN  RECEPTOR  CROSS  TALK  WITH  OTHER 
CELL  SIGNALING  PATHWAYS 

We  have  observed  that  protein  kinase  activators  enhance 
the  transcriptional  activity  of  the  ER  and  alter  the  agonist/ 
antagonist  balance  of  some  antiestrogens,  suggesting  that 
changes  in  cellular  phosphorylation  state  should  be  impor¬ 
tant  in  determining  the  biological  effectiveness  of  the  es¬ 
trogen-occupied  ER  as  well  as  the  effectiveness  of  anties¬ 
trogens  as  estrogen  antagonists.  Evidence  for  cross  talk 
between  steroid  hormone  receptors  and  signal  transduction 
pathways  has  been  increasing.  Expression  of  activator  pro¬ 
tein  (AP)-l,  a  transcription  factor  of  the  fos  /jun  heterodimer 
known  to  mediate  the  protein  kinase  (PK)-C  pathway  [47], 
was  shown  to  suppress  steroid  hormone  receptor-mediated 
gene  expression  [48],  most  likely  through  direct  protein- 
protein  interaction  between  steroid  receptors  and  these  on¬ 
coproteins  [49].  In  addition,  the  ovalbumin  gene  promoter 
containing  a  half-palindromic  estrogen-responsive  element 
(ERE)  was  coactivated  by  ER  and  fos  /  jun  oncoproteins  [49- 
52].  Thus,  interaction  between  these  oncoproteins  and  ste¬ 
roid  hormone  receptors  resulted  in  cell-specific  inhibitory 
or  stimulatory  effects  on  transcriptional  activation  [50]. 

Previous  studies  by  us  and  others  [36,  37,  39,  53,  54]  doc- 


FIG.  2.  "Map"  of  functions  in  the  human  estrogen  receptor  hormone  binding  do¬ 
main.  Domain  E,  amino  acids  302-553,  is  shown  as  is  the  very  C-terminal  domain 
F,  amino  acids  554-595.  Some  regions  considered  to  be  important  in  hormone  bind¬ 
ing,  discrimination  between  estrogen  (E)  and  antiestrogen  (AE),  and  transactivation 
are  highlighted.  The  ligand  (L)  is  portrayed  in  a  region  representing  the  ligand  bind¬ 
ing  pocket  of  the  receptor.  Open  circles  indicate  amino  acids  in  the  hormone  binding 
domain  where  our  analyses  have  shown  mutational  changes  to  affect  the  affinity 
or  stability  of  hormone  binding.  See  text  for  description. 


umented  up-regulation  of  intracellular  progesterone  receptor, 
an  estrogen-stimulated  protein,  by  insulin-like  growth  factor 
(IGF)-I,  epidermal  growth  factor,  phorbol  ester,  and  cAMP  in 
MCF-7  human  breast  cancer  cells  and  uterine  cells.  The  fact 
that  the  stimulation  by  these  diverse  agents  was  blocked  by 
antiestrogen  suggested  that  these  agents  were  presumably 
acting  through  the  ER  pathway  [36,  39,  40,  53,  55].  In  addition, 
the  fact  that  protein  kinase  inhibitors  also  blocked  the  effects 
of  estrogen,  cAMP,  and  growth  factors  suggested  the  involve¬ 
ment  of  phosphorylation  in  these  responses.  We  therefore  un¬ 
dertook  studies  to  examine  directly  whether  activators  of  pro¬ 
tein  kinases  can  modulate  transcriptional  activity  of  the  ER. 

In  primary  cultures  of  uterine  cells,  using  transient  trans¬ 
fection  experiments  with  simple  estrogen-responsive  reporter 
genes,  we  examined  the  ability  of  these  agents  to  stimulate 
ER-mediated  gene  transcription  and  also  compared  the  ability 
of  these  multiple  agents  to  alter  the  phosphorylation  state  of 
the  endogenous  uterine  ER  protein.  The  results  of  our  study 
[37]  indicate  that  estrogen,  IGF-I,  and  agents  that  raise  intra¬ 
cellular  cAMP  are  able  to  stimulate  ER-mediated  transacti¬ 
vation  and  ER  phosphorylation.  The  fact  that  antiestrogen 
(ICIl64,384)  evokes  a  similar  increase  in  ER  phosphorylation 
without  a  similar  increase  in  transcription  activation  indicates 
that  an  increase  in  overall  ER  phosphorylation  does  not  nec¬ 
essarily  result  in  increased  transcriptional  activity.  Also,  the 
observation  that  transcriptional  activation  by  the  ER  was 
nearly  completely  suppressed  by  the  protein  kinase  inhibitors 
H8  and  PKI,  while  the  increase  in  phosphorylation  was  re¬ 
duced  by  50-75%,  indicates  that  the  correlation  between  tran¬ 
scriptional  activation  and  overall  ER  phosphorylation  is  not 
direct,  but  it  does  suggest  that  some  of  the  effects  of  estrogen, 
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FIG.  3.  Model  depicting  protein  kinase-estrogen  receptor  transcriptional  syner¬ 
gism.  See  text  for  description. 


IGF-I,  and  cAMP  on  ER-regulated  transactivation  are  mediated 
through  the  activity  of  protein  kinases.  Our  findings,  dem¬ 
onstrating  a  clear  effect  of  these  agents  on  ER-mediated  tran¬ 
sactivation,  suggest  that  these  agents  might  also  regulate  en¬ 
dogenous  estrogen  target  genes,  such  as  that  encoding  the 
progesterone  receptor,  by  similar  cellular  mechanisms. 

In  order  to  examine  some  of  the  molecular  mechanisms 
controlling  transcription  of  the  progesterone  receptor  gene, 
we  cloned  the  rat  progesterone  receptor  gene  5' -region  and 
identified  two  functionally  distinct  promoters  [56].  The  two 
promoters  in  the  rat  progesterone  receptor  gene  exhibited 
differential  responsiveness  to  estradiol  and  to  ER-depen- 
dent  stimulation  by  cAMP.  The  functional  differences  be¬ 
tween  these  two  promoters  may  lead  to  altered  expression 
of  the  A  and  B  progesterone  receptor  isoforms  and,  thereby, 
influence  cellular  responsiveness  to  progestins  [561. 

In  MCF-7  human  breast  cancer  cells  and  other  cells,  we 
found  that  activators  of  PKA  and  PKC  markedly  synergize 
with  estradiol  in  ER-mediated  transcriptional  activation  and 
that  this  transcriptional  synergism  shows  cell-  and  pro¬ 
moter-specificity  [19,  38,  56].  The  synergistic  stimulation  of 
ER-mediated  transcription  by  estradiol  and  protein  kinase 
activators  did  not  appear  to  result  from  changes  in  ER  con¬ 
tent  or  in  the  binding  affinity  of  ER  for  ligand  or  estrogen 
response  element  DNA  but,  rather,  may  be  a  consequence 
of  a  stabilization  or  facilitation  of  interaction  with  target 
components  of  the  transcriptional  machinery,  possibly  ei¬ 
ther  through  changes  in  phosphorylation  of  ER  or  other  pro¬ 
teins  important  in  ER-mediated  transcriptional  activation 
[38].  Of  interest  also,  we  have  observed  that  stimulation  of 
the  PKA  signaling  pathway  activates  the  agonist  activity  of 
tamoxifen-like  but  not  ICI 164, 384-like  antiestrogens  and  re¬ 
duces  the  effectiveness  of  tamoxifen  as  an  estrogen  antag¬ 
onist  [19].  These  findings  suggest  that  agents  that  enhance 
intracellular  cAMP,  such  as  some  growth  factors,  may  con¬ 
tribute  to  antiestrogen  resistance  because  tamoxifen-like 
antiestrogens  will  now  be  seen  by  the  cell  as  weak  ago- 
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FIG.  4.  Repression  of  ER-mediated  transcriptional  activity  in  uterine  cells  by  li¬ 
gand-occupied  progesterone  receptors  (PRs).  A}  Schematic  diagram  of  the 
ERE2PRE2-Promoter-CAT  reporter.  B>  Each  100-mm  dish  of  rat  uterine  cells  was 
transfected  with  500  ng  of  pRSV-hPRA  (labeled  PR  A),  500  ng  of  pRSV-hPRB  (PR  B), 
or  250  ng  each  of  pRSV-hPRA  and  pRSV-hPRB  (PR  A+PR  B},  in  addition  to  10  jig 
of  ERE2PRE2-PRDist-CAT,  100  ng  of  pRSV-rER,  and  3  ^g  of  internal  control  plasmid 
pCMVp.  The  cells  were  treated  with  one  or  more  of  the  following  as  indicated  for 
24  h:  control  vehicle,  E2  (10“9  M),  R5020  (1(T8  M),  and  RU486  (10  8  M).  The  CAT 
activity  in  each  sample  was  determined.  Each  bar  represents  the  mean  +  SEM  for 
three  or  more  separate  determinations.  The  fold  induction  in  response  to  E2  treat¬ 
ment  is  indicated  above  the  bars.  (From  Kraus  et  al.  1995,  ref.  [68].) 


nists  [19,  57].  Related  observations  have  been  made  with 
antiprogestins  such  as  RU486  [58-60]. 

Figure  3  shows  a  model  indicating  how  we  think  the 
protein  kinase-estrogen  receptor  transcriptional  synergism 
might  occur.  Agents  influencing  protein  kinase  pathways 
may  enhance  intracellular  protein  phosphorylation,  result¬ 
ing  in  either  phosphorylation  of  the  ER  itself  or  the  phos¬ 
phorylation  of  nuclear  factors  with  which  the  receptor  in¬ 
teracts  in  mediating  transcription.  Likewise,  there  is 
evidence  that  the  steroid  hormone  itself  can  alter  receptor 
conformation,  increasing  the  receptor’s  susceptibility  to 
serve  as  a  substrate  for  protein  kinases  [37,  61-64].  There- 
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fore,  agents  that  increase  phosphorylation  may,  either 
through  phosphorylation  of  the  ER  itself  or  through  phos¬ 
phorylation  of  nuclear  factors  required  for  ER  transcription, 
result  in  synergistic  activation  of  ER-mediated  transcription. 

In  direct  studies  on  ER  phosphorylation,  we  have  shown 
that  estradiol,  the  antiestrogens  trans-hydroxy-tamoxifen  and 
10164,384,  as  well  as  PKA  and  PKC  activators  enhanced 
overall  ER  phosphorylation  [631.  Tryptic  phosphopeptide  pat¬ 
terns  of  wild-type  and  domain  A/B-deleted  receptors  and 
site-directed  mutagenesis  of  several  serines  involved  in 
known  protein  kinase  consensus  sequences  allowed  us  to 
identify  serine  104  and/or  serine  106  and  serine  118 — all 
three  being  part  of  a  serine-proline  motif — as  major  ER  phos¬ 
phorylation  sites.  Mutation  of  these  serines  to  alanines  so  as 
to  eliminate  the  possibility  of  their  phosphorylation  resulted 
in  an  approximately  30%  reduction  in  transactivation  activity 
in  response  to  estradiol  while  mutation  of  only  one  of  these 
serines  showed  an  approximately  15%  decrease  in  transac¬ 
tivation  [631.  Of  note,  estradiol  and  antiestrogen-occupied  es¬ 
trogen  receptors  showed  virtually  identical  two-dimensional 
tryptic  phosphopeptide  patterns  suggesting  similar  sites  of 
phosphorylation.  In  contrast,  the  cAMP-stimulated  phos¬ 
phorylation  likely  occurs  on  different  phosphorylation  sites 
as  indicated  by  some  of  our  mutational  studies  [60];  this  as¬ 
pect  remains  under  investigation  in  our  laboratory.  Related 
studies  in  COS-1  cells  by  the  Chambon  laboratory  [6l]  also 
identified  serine  118  as  being  a  major  estrogen-regulated 
phosphorylation  site.  In  MCF-7  cells,  the  Notides  laboratory 
has  also  identified  serine  1 18  as  a  site  of  ER  phosphorylation 
but  has  observed  serine  167  to  be  the  most  prominent  site 
of  phosphorylation  in  these  cells  [651.  Aurrichio  and  cowork¬ 
ers  [66]  have  also  provided  strong  evidence  for  ER  phos¬ 
phorylation  on  tyrosine  537.  The  roles  of  these  phosphory¬ 
lations  in  the  activities  (transcriptional  and  other)  of  the  ER 
remains  an  area  of  great  interest. 

CROSS  TALK  BETWEEN  ESTROGEN  RECEPTOR  AND 
PROGESTERONE  RECEPTOR  SIGNALING  SYSTEMS  IN 
MODULATION  OF  BIOLOGICAL  RESPONSES 

In  addition  to  interactions  with  the  signaling  pathways 
described  above,  the  ER  also  has  important  interrelation¬ 
ships  with  the  progesterone  receptor  (PR)  system  in  mod¬ 
ulation  of  responses.  This  has  been  well  documented  bio¬ 
logically  in  many  estrogen  target  tissues.  In  the  uterus,  for 
example,  estrogens  increase  c -fos  mRNA,  cell  proliferation, 
progesterone  receptor  mRNA  and  protein  levels,  gap  junc¬ 
tion  formation,  myometrial  contractility,  and  oxytocin  re¬ 
ceptors,  and  these  effects  are  largely  antagonized  by  pro¬ 
gesterone  ([12,  56,  67,  68]  and  references  therein).  The  PR 
is  now  known  to  exist  as  two  isoforms  in  most  species,  a 
smaller  A  form  (PR-A)  and  a  larger  B  form  (PR-B);  PR-B 
contains  an  N-terminal  extension  of  approximately  164 


A)  Stimulation  of  Transcription  by  Liganded  ER 


B)  Repression  by  Agonist-Occupied  PR 


C)  Repression  by  Antagonist-Occupied  PR 


FIG.  5.  A  model  for  the  repression  of  ER-mediated  transcriptional  activity  by  ag¬ 
onist-  and  antagonist-occupied  PRs.  Our  findings  support  a  model  in  which  the 
repression  of  ER  transcriptional  activity  by  liganded  PR  occurs  by  quenching.  Ac¬ 
cording  to  this  model,  liganded  PR  binds  to  a  site  (PRE)  distinct  from  the  binding 
site  for  ER  (ERE)  and  interferes  with  the  ability  of  ER  to  make  productive  contact 
with  the  transcriptional  complex.  Differences  in  the  magnitude  of  repression  ob¬ 
served  for  agonist-  and  antagonist-occupied  PRs  suggest  that  agonist-occupied  PR 
only  quenches  ER-transcription  factor  interactions  that  involve  the  activation  func- 
tion-1  of  ER  or  a  promoter-specific  component  of  the  ER  signaling  pathway  (PSF), 
while  antagonist-occupied  PR  quenches  a  wider  range  of  the  ER-transcription  factor 
interactions  that  occur  at  the  promoter.  The  individual  components  of  the  sche¬ 
matics  are  labeled.  The  abbreviations  are:  AP,  antiprogestin;  E,  estrogen;  ER,  estro¬ 
gen  receptor;  ERE,  estrogen  response  element;  P,  progestin;  PR,  progestin  receptor; 
PRE,  progestin  response  element;  PSF,  promoter-specific  factor;  TF/Pol  II  Complex, 
general  transcriptional  machinery.  (From  Kraus  et  al.,  1995,  ref.  [681). 
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amino  acids  with  exact  size  varying  slightly  in  different  spe¬ 
cies.  PR-A  and  PR-B  have  differing  biological  activities  on 
genes  [69-71]. 

In  order  to  understand  better  how  progestins  and  anti- 
progestins  are  able  to  antagonize  the  effects  of  the  estradiol- 
ER  complex,  we  have  developed  a  simplified  model  system 
in  which  estrogen  response  elements  and  progestin  re¬ 
sponse  elements  have  been  placed  upstream  of  promoters 
such  as  the  progesterone  receptor  gene  distal  promoter,  and 
the  effects  of  PR-A  and  PR-B  alone  or  together  on  ER  tran¬ 
scriptional  activity  can  be  monitored  following  transfection 
into  uterine  cells  or  other  cells  in  culture  [68].  These  studies 
have  shown  that  liganded  PR-A  and  PR-B  can  each  suppress 
estradiol-stimulated  ER  activity  (Fig.  4)  and  that  the  mag¬ 
nitude  of  repression  depends  on  several  factors:  the  PR  iso¬ 
form  (PR-A  more  effective  than  PR-B);  the  progestin  ligand 
(antiprogestin  more  effective  than  progestin  agonist);  the 
promoter;  and  the  cell  type.  The  effect  of  cell  background 
is  of  particular  interest  since  it  has  been  documented  that 
the  inhibitory  effect  of  progestin  on  estrogen  action  is  not 
equal  in  all  cell  types  in  the  uterus  [12].  The  repression  of 
ER  activity  by  PR  in  this  model  system  is  not  due  to  a  re¬ 
duction  of  ER  levels  or  to  interference  with  the  binding  of 
ER  to  its  response  element  since  PR  is  still  very  suppressive 
even  when  the  progestin  response  elements  are  placed 
more  than  2  kb  away  from  the  estrogen  response  elements 
[68].  Also  the  fact  that  PR  is  antagonistic  of  ER  action  at  all 
concentrations  of  ER  studied  argues  against  squelching  due 
to  competition  for  limiting  transcription  factors. 

Our  data  is  most  consistent  with  quenching  [72],  wherein 
PR  interferes  with  the  ability  of  ER  to  interact  effectively  with 
the  transcription  complex,  due  perhaps  to  the  recruitment 
of  promoter-specific  and  cell  type-specific  inhibitory  pro¬ 
teins  to  the  promoter  (Fig.  5).  Related  studies  by  others  have 
also  nicely  documented  PR-A  antagonism  of  ER  action  [73] 
as  well  as  the  ability  of  PR-A  to  suppress  the  activity  of  PR- 
B  [71,  74].  These  findings  underscore  the  mounting  evi¬ 
dence  for  the  importance  of  interactions  between  members 
of  the  steroid  hormone  receptor  family  and  begin  to  address 
some  of  the  molecular  mechanisms  underlying  these  inter¬ 
actions  and  cross  talk. 
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INTRODUCTION 

The  selective  action  that  steroid  hormones  and  the 
hormones  for  the  other  nuclear  receptors  have  in  dif¬ 
ferent  tissues  and  on  different  responses  is  well 
known.  In  fact,  this  recognized  selectivity  forms  the 
basis  for  major  efforts,  currently  underway  in  the  phar¬ 
maceutical  industry  and  at  universities,  toward  the 
development  of  new,  synthetic  hormones  whose  pro¬ 
file  of  desired  activities  is  optimized  for  specific  ther¬ 
apeutic  and  preventative  applications.  This  commen¬ 
tary  will  examine  the  pharmacological  mechanisms 
that  underlie  this  selectivity. 

The  study  of  steroid  hormone  pharmacology  poses 
particular  challenges.  In  vivo,  many  steroids  have 
pleiotropic  activity,  displaying  a  variety  of  effects  in 
different  tissues.  Even  in  cell-based  in  vitro  systems, 
attempts  to  investigate  the  molecular  basis  for  steroid 
hormone  action  and  the  selectivity  of  this  action  are 
confounded  by  the  fact  that  the  genomic  responses 
elicited  by  these  ligands  can  be  both  primary  and 
secondary  (i.e.  cascade)  responses.  In  the  latter  situ¬ 
ation,  the  correlation  between  molecular  interaction 
and  response  is  complex  and  indirect;  this  makes  it 
difficult  to  clearly  determine  what  interactions  define 
the  pharmacological  parameters  of  potency  and  bio- 
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character  (biological  character,  i.e.  agonist  vs.  antag¬ 
onist  activity)  of  a  specific  hormone.  Even  the  genomic 
actions  vary:  most  involve  direct  receptor-DNA  inter¬ 
action,  but  some  appear  to  be  mediated  via  interaction 
of  receptor  with  other  DNA-binding  proteins.  Steroid 
hormones  may  also  exert  nongenomic  effects,  some 
of  which  may  still  involve  the  receptor.  In  this  com¬ 
mentary,  we  are  focusing  on  the  genomic  action  of 
steroid  hormones  that  involves  the  regulation  of  gene 
transcription  mediated  by  nuclear  receptors. 


THREE  MECHANISMS  FOR  STEROID  HORMONE 
SELECTIVITY 

The  selectivity  that  steroid  and  other  hormones  for 
nuclear  receptors  display  at  three  different  levels— the 
tissue,  the  cell,  and  the  gene— may  be  mediated  by 
three  distinct  mechanisms  (Table  1):  1)  ligand-based 
selectivity,  2)  receptor-based  selectivity,  and  3)  effec¬ 
tor  site-based  selectivity.  Since  the  first  two  mecha¬ 
nisms  are  well  recognized,  they  will  be  described  only 
briefly;  the  third  mechanism  merits  careful  examina¬ 
tion  and  will  be  discussed  in  greater  detail. 

Ligand-Based  Selectivity 

By  this  mechanism,  selectivity  at  the  tissue  or  cell  level 
may  be  achieved  by  differences  in  pharmacokinetics 
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Table  1.  Types  of  Selectivity 

in  the  Action  of  Ligands  for  Nuclear  Ho 

rmone 

Receptors 

Type  of  selectivity 

Components 

Level  of  Selectivity 

Ligand 

Receptor 

Effector 

Tissue 

Cell 

Gene 

Mechanism 

Ligand-based 

Different 

Same 

Same 

Yes 

Yes 

No 

Ligand(s)  undergoes  different  metabolism  in 
different  tissues/cells  (selective  bioactivation; 
selective  bioinactivation) 

Receptor-based 

Same 

Different 

Same 

Yes 

Yes 

No 

Composition  of  receptors  (concentration, 
subtypes,  isoforms,  variants)  is  different  in 
different  tissues/cells 

Effector-based 

Same 

Same 

Different 

Yes 

Yes 

Yes 

The  same  ligand(s)  and  same  receptors) 
experience  different  interactions  at  different 
effector  sites  regulating  gene  transcription 

or  differential  ligand  metabolism.  The  same  hormone 
or  set  of  hormones  is  presented  to  different  target 
tissues  through  the  circulation,  but  their  relative 
amounts  within  the  cell  are  altered  by  differential  up¬ 
take  or  metabolism  at  the  level  of  the  target  tissue 
cell.  The  differential  metabolism  mechanism  may  in¬ 
volve  either  a  bioactivation,  such  as  the  tissue-selec¬ 
tive  conversion  of  the  naturally  circulating  androgen 
testosterone  to  the  more  potent  5a-dihydrotestoster- 
one  by  the  action  of  5a-reductase  (1),  or  a  bioinacti¬ 
vation,  such  as  the  selective  oxidation  of  cortisol,  but 
not  aldosterone,  by  an  1 1 /3-dehydrogenase  found  in 
tissues  that  respond  to  mineralocorticoids  (2).  Thus, 
this  differential  metabolism  creates  a  ligand-based  se¬ 
lectivity  in  which  the  same  receptor  in  different  target 
tissues  or  cells  can  experience  a  different  complexion 
of  hormones  and  thereby  mediate  responses  in  a  se¬ 
lective  manner  (cf.  Table  1). 

Receptor-Based  Selectivity 

By  the  second  mechanism,  different  target  tissues 
experiencing  the  same  hormones  may  respond  in  a 
selective  fashion  because  they  have  a  different  com¬ 
position  of  receptors.  This  difference  could  include 
variations  in  the  concentrations  or  ratios  of  receptor 
subtypes,  isoforms,  or  splice  variants  or  receptors 
having  different  states  of  covalent  modification  (e  g 
phosphorylation)  (Refs.  .  3-5  and  references  cited 
therein).  This  mechanism  is  especially  well  repre¬ 
sented  in  the  retinoid,  thyroid  hormone,  and  vitamin  D3 
receptor  systems,  where  multiple  receptor  forms  are 
found,  and  different  patterns  of  receptor  dimerization 
are  known  to  be  dependent  upon  both  the  structure 
and  composition  of  the  ligands  and  the  response  ele¬ 
ments  (6,  7).  It  appears  to  be  important  in  the  proges¬ 
terone  receptor  system,  where  progesterone  receptor 
A  and  B  isoforms  are  known  to  differ  in  their  ability  to 
activate  genes  (8).  Additionally,  progesterone  receptor 
A  can  act  as  an  inhibitor  of  progesterone  receptor  B 
transcriptional  activity  (9-11).  Receptor-based  selec¬ 
tivity  may  also  play  a  role  among  androgen  receptors 
and  glucocorticoid  receptors,  where  two  isoforms 
have  been  reported  (12,  13),  and  even  in  some  estro¬ 


gen-responsive  cells  where  full  length  estrogen  recep- 
tor  and  splice  variants  may  coexist  (14-18).  In  these 
systems,  the  same  hormone  or  set  of  hormones  could 
effect  tissue-  or  cell-selective  action  as  a  result  of  tne 
different  complexion  of  receptors  present  in  different 
target  sites  (cf.  Table  1). 

Effector  Site-Based  Selectivity 

Although  the  former  two  mechanisms  may  explain 
some  of  the  tissue-  and  cell-selective  actions  of  ste¬ 
roid  and  related  hormones,  the  selectivity  of  these 
hormones  clearly  also  derives  from  a  deeper  level. 
Even  in  cases  where  there  seems  to  be  no  differential 
hormone  metabolism  in  target  tissues  and  only  a  sin¬ 
gle  receptor  is  involved  (i.e.  mechanisms  1  and  2  are 
not  operating),  hormones  for  nuclear  receptors  are 
capable  of  selective  action.  Most  striking  is  the  differ¬ 
ent  biocharacter  that  some  estrogens  and  their  ana¬ 
logs  show  in  terms  of  certain  responses  elicited  in 
different  target  tissues. 

For  example,  in  the  rat,  we  have  shown  that  the 
antiestrogens  tamoxifen,  nafoxidine,  and  CI-628  are 
partial  agonists/antagonists  in  the  modulation  of  pitu¬ 
itary  PRL  and  dopamine  turnover  in  the  medial  basal 
hypothalamus  (19)  and  of  various  responses  in  the 
uterus  (uterine  weight  gain,  progesterone  receptor  n- 
duction,  and  plasminogen  activator  and  peroxidase 
activity  stimulation)  (20-23),  yet  they  are  full  agonists  in 
increasing  plasma  renin  substrate  in  liver  (24).  In 
women,  raloxifene  (originally  called  keoxifene)  shows 
tissue-selective  differences,  with  strong  agonist  activ¬ 
ity  indicated  by  maintenance  of  bone  density  and  es¬ 
trogenic  blood  lipid  profiles,  but  little  stimulation  of  the 
uterus  (25-30).  Tamoxifen  therapy  in  postmenopausal 
women  with  breast  cancer  has  also  revealed  estrogen¬ 
like  actions  of  this  agent  on  bone  mineral  density  (31) 
and  lipoprotein  levels  (32),  as  well  as  estrogen-like 
stimulation  of  the  uterus  (33-35),  yet  little  agonism 
occurs  in  the  breast,  where  tamoxifen  reduces  recur¬ 
rence  of  breast  cancer  (36).  In  contrast,  the  estradiol- 
based  antiestrogens  ICI1 64,384  and  ICI1 82,780  have 
almost  complete  antagonist  character  in  all  estrogen 
target  tissues  examined,  both  in  experimental  cell  and 
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animal  systems  and  in  clinical  trials  in  women  (37,  38). 
Regardless  of  their  varying  level  of  agonist  or  antag¬ 
onist  character  in  different  tissues,  these  compounds 
appear  to  be  acting  through  a  single  receptor,  the 
estrogen  receptor. 

The  study  of  the  molecular  details  of  steroid  hor¬ 
mone  pharmacology  has  been  assisted  greatly  by 
the  development  of  transient  transfection  assays, 
whereby  one  can  achieve  independent  control  over 
four  critical  variables,  the  ligand,  the  receptor,  the 
gene  context,  and  the  cellular  milieu.  Transfection  of 
estrogen-responsive  promoter-reporter  constructs 
into  different  cells  has  enabled  the  regulation  of  spe¬ 
cific  genes  to  be  studied  in  these  different  cell  back¬ 
grounds.  However,  one  should  keep  in  mind  that  hor¬ 
monal  regulation  of  transfected  gene  constructs  does 
not  always  precisely  mimic  that  observed  in  the  native 
gene  context,  as  local  chromatin  architecture  may  be 
different  (39,  40).  Nevertheless,  the  results  of  these 
investigations  illustrate  clearly  that  cell-specific  factors 
can  affect  the  biocharacter  (agonist/antagonist  bal¬ 
ance)  of  different  estrogens. 

In  studies  in  several  cell  types  with  either  wild  type 
or  variant  estrogen  receptors  lacking  their  C-terminal  F 
domains  (AF),  we  have  observed  that  the  response  of 
these  receptors  to  estrogen  and  antiestrogen  ligands 
is  markedly  influenced  by  cell  context  (41).  For  exam¬ 
ple,  in  Chinese  hamster  ovary  (CHO)  cells  and  MDA- 
MB-231  human  breast  cancer  cells  expressing  wild 
type  or  AF  estrogen  receptors,  estradiol  stimulated 
equally  transcription  of  several  estrogen-responsive 
promoter  reporter  gene  constructs.  By  contrast,  in 
HeLa  human  cervical  cancer  cells  and  3T3  mouse 
fibroblast  cells,  the  AF  estrogen  receptor  exposed  to 
estradiol  was  much  less  effective  than  wild  type  es¬ 
trogen  receptor  in  stimulating  transcription,  and  an¬ 
tiestrogens  were  less  potent  in  suppressing  estrogen- 
stimulated  transcription  by  the  AF  estrogen  receptor. 
These  differences  in  response  of  the  AF  and  wild  type 
estrogen  receptor  to  estrogen  or  antiestrogen  do  not 
appear  to  be  due  to  a  change  in  receptor  expression 
level,  binding  affinity  for  ligands,  or  binding  to  estrogen 
response  element  DNA.  Rather,  our  data  support  the 
supposition  that  the  conformation  of  the  receptor- 
ligand  complex  is  different  with  estrogen  vs.  antiestro¬ 
gen  and  with  wild  type  vs.  AF  estrogen  receptor,  such 
that  its  potential  for  interaction  with  protein  cofactors 
or  transcription  factors  is  different  and  is  markedly 
influenced  by  cell  context  (41).  Likewise,  studies  by 
McDonnell  and  co-workers  (42,  43)  have  provided  ex¬ 
tensive  documentation  of  the  fact  that  cell  background 
profoundly  influences  estrogen  receptor  transcrip¬ 
tional  response  to  ligand.  Several  groups  have  shown 
as  well  that  the  transcriptional  response  of  progester¬ 
one  receptor  A  and  B  isoforms  to  progestin  ligands  is 
greatly  influenced  by  the  test  cell  used,  as  is  the  ability 
of  progesterone  receptor  to  repress  estrogen  receptor 
transcriptional  activity  (44,  45).  This  very  likely  reflects 
the  differing  activities  of  the  different  activation  func¬ 
tions  (AF-1 ,  AF-2,  and  others)  in  a  receptor,  a  concept 


nicely  documented  by  Berry  et  al.  in  1990  (46)  for  the 
estrogen  receptor  to  explain  the  differing  agonist/an¬ 
tagonist  activity  of  tamoxifen  in  different  cells  (see 
below). 

Even  within  the  same  cell,  it  is  possible  to  effect 
selective  stimulation  of  different  endogenous  genes 
with  different  ligands.  For  example,  in  estrogen  recep¬ 
tor-containing  MCF-7  human  breast  cancer  cells,  an¬ 
tiestrogens  such  as  tamoxifen  are  pure  antagonists  for 
plasminogen  activator  activity  (47,  48)  but  show  weak 
agonism  for  other  responses,  such  as  pS2  (39)  and 
progesterone  receptor  induction  (47 , 49).  By  transfect¬ 
ing  estrogen-responsive  promoter-reporter  constructs 
into  these  (MCF-7)  cells,  it  has  been  shown  that  an¬ 
tiestrogens  exhibit  promoter-specific  agonism  (50). 
This  promoter-specific  agonistic  activity  of  antiestro¬ 
gens  is  also  observed  when  these  estrogen-respon¬ 
sive  promoters  are  transfected,  along  with  wild  type 
estrogen  receptor,  into  a  variety  of  estrogen  receptor¬ 
negative  cells  (41 , 42).  Further  evidence  for  gene-spe¬ 
cific  agonist  and  antagonist  properties  of  tamoxifen 
and  other  antiestrogens  is  evident  from  studies  in  GH4 
and  GC3  pituitary  tumor  cells,  where  these  com¬ 
pounds  act  like  a  full  estrogen  on  some  responses  yet 
as  an  antagonist  of  estrogen  stimulation  of  other  re¬ 
sponses  (51 ,  52). 

The  phenomenon  of  promoter-specific  agonism  is 
particularly  well  highlighted  by  the  observations  made 
in  bone  cells  with  antiestrogens  using  two  different 
estrogen  receptor-dependent  responses.  Here,  ralox¬ 
ifene,  a  benzothiophene  compound  typically  consid¬ 
ered  an  antiestrogen,  tamoxifen,  and  IC1 164,384  are, 
in  fact,  stronger  agonists  of  transforming  growth  fac¬ 
tor-^  (TGF03)  promoter  activity  than  estradiol.  By 
contrast,  in  the  same  MG-63  osteosarcoma  cell  cul¬ 
tures,  all  three  ligands  act  as  pure  antagonists  of  the 
dramatic  stimulation  of  the  reporter  gene  construct 
estrogen  response  element-vitellogenin-chloram¬ 
phenicol  acetyl  transferase  by  estradiol  (53,  54).  Inter¬ 
estingly,  the  nucleotide  sequences  comprising  the  es¬ 
trogen  response  elements  in  these  two  genes  (TGFfS3 
and  vitellogenin)  are  quite  different,  vitellogenin  con¬ 
taining  a  palindromic  consensus  estrogen  response 
element  and  TGF/33  quite  a  different  nucleotide  se¬ 
quence;  only  the  former  was  shown  to  bind  the  estro¬ 
gen  receptor  in  gel  shift  assays.  The  DNA-binding 
domain  of  the  estrogen  receptor  appears  not  to  be 
required  for  raloxifene  induction  of  the  TGF/33  gene. 
Since  the  estrogen  receptor  does  not  bind  directly  to 
this  unusual  estrogen  response  element,  an  additional 
DNA-binding  protein  that  tethers  estrogen  receptor  to 
this  enhancer  is  implied  (54).  Thus,  at  least  some  of  the 
proteins  interacting  with  the  ligand-receptor  complex 
at  these  two  promoters  would  be  predicted  to  be 
different,  to  account  for  the  reversed  pharmacology 
displayed  by  these  estrogen  receptor  ligands  at  these 
two  genes. 

As  was  mentioned  earlier,  these  findings  are  also 
mirrored  in  tissue-specific  differences  in  the  estrogen 
agonist/antagonist  character  of  these  compounds  in 
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vivo.  Tamoxifen  and  raloxifene  are  strong  estroqen- 
EST  f°;  bone  density  maintenance  in  rats  and 
no  ?eyihaVS  either  some  (tamoxifen)  or  little  to 
"°(  tX'!ne)  Stimulat0ry  effect  on  ferine  prolifera- 
they  are  ful1  antagonists  of  estrogen-stimu- 
ated  breast  cancer  cell  proliferation  and  responses 
such  as  induction  of  plasminogen  activator  activity  in 
breast  cancer  cells.  These  observations  indicate  that 

estr°9en  recept°r 

activihJ  that  £ H  Vml  eStr°9en  a9°nist  or  antagonist 

Sldpoil  Pend"  °n  ,he  partteu,ar  «“ 

ronS“cb  observations  form  the  basis  for  efforts  cur¬ 
rently  being  directed  at  the  development  of  tissue- 
selective  estrogen/antiestrogen  agents  with  specific 
profiles  optimal  for  treatment  of  women  with  breast 
cancer  and  for  postmenopausal  bone  loss  (osteopo¬ 
rosis)  prevention:  no  agonism  on  breast  or  uterus- 

nSwha9°niSm  °n  b0ne  (for  9°od  ^ne  mainte¬ 
nance),  the  cardiovascular  system,  and  some  aspects 

of  liver  function  (such  as  blood  lipid  profile).  Such 
compounds  would  exploit  what  is  now  known  about 
!.h®  9ene' aknd  cell-selective  actions  of  hormonal  li¬ 
gands  and  the  importance  of  effector  site  components 
in  a  ligand’s  pharmacological  profile  (see  below)  Thus 

SnnT6  SySlemS’ the  Same  ligand  workin9  through  a 
single  receptor  can  elicit  a  different  spectrum  of  re- 

cel^SVabte?;^60'  96neS  in  hormone-responsive 

hfrlS'i1  b  ,  TheS®  9ene'selective  actions  cannot 

ntem<f?cfy  eXplain®d  by  either  of  ‘he  first  two  mecha- 
nisms  (see  above). 


EVOLVING  models  for  the  role  of  the 

IN  STEROID  HORMONE  ACTION— 

DnrcM/i^R  ,NTERACTI°NS  THAT  DEFINE 
POTENCY  AND  BIOCHARACTER 

The  Pharmacology  of  Classical  Bipartite  (Ligand- 
Receptor)  Systems 

The  development  of  the  concept  of  "receptors”  in 
tufie'?  P?am!aC0i09y  ar°Se  from  the  need  to  pos- 

r  SP!Ci6S  that  S6rved  as  the  interface 
nhlcM  ?m9  °r  hormone  and  ‘he  behavioral  or 
physiological  responses  that  it  evoked.  The  oriqinal 

otevS  Cf°nCept’  conceived  by  Ehrlich  (55)  and  Lan¬ 
gley  (56),  formalized  by  Clark  (57)  and  Gaddum  (581 
and  refined  by  Ariens  and  Simonis  (59)  and  Stephen¬ 
son  (60)  was  basically  an  operational  one.  Neverthe- 
ta^tpemirttatJ  the  different  dose-response  relation¬ 
al to  7T  by  Various  dru9s  and  hormones  to  be 
related  to  a  hypothesized  molecular  interaction  that 

these  species  had  as  ligands  for  the  receptor  The 

activity  of  these  ligands  could  then  be  interpreted  in 

InT'-h  I*®  pharmacol°9ical  parameters  "potency” 

eSfcacWEP^ '  POtenCy’  meaSUred  as  the  median 
enicacy  (EC50,  or  median  inhibition,  ICso),  was  related 

o  the  ligand's  ,or  ,he  ^cepttiT-bi^SS? 

(/.e.  agonist  vs.  antagonist  character),  estimated  by  the 


degree  to  which  this  binding  resulted  in  activation  of 
he  receptor  to  elicit  a  response,  was  related  to  the 
ligand  s  efficacy  or  intrinsic  activity. 

At  an  operational  level,  the  receptor  was  considered 
to  represent  the  interface  where  the  molecular  inter¬ 
actions  with  the  ligand  ceased  and  the  biological  re- 
nnn^S|'  bagan.  In  such  a  bipartite  model,  involving 

m,  rhh|eJl9rd.  a«d  the  receptor’ the  n9and  plays  a  role 
much  like  that  of  an  allosteric  effector  of  an  enzyme 

altering  the  conformation  of  the  receptor  and  thereby 
directly  altering  its  capacity  to  elicit  the  response  The 

.wlfn31  f6atUreS  °f  SUCh  a  bipartite  scheme  are 
illustrated  in  Fig.  1.  The  key  issue  is  that  the  receptor 

,embodies  ^  functions,  the  capacity  to  bind  a 
ligand  and  the  capacity  to  initiate  or  effect  a  response 
consequence  of  that  binding.  The  implica- 

linrt  ?h  bipartlte  model  are  subtle  but  important: 
1"°®  h®  "9and  18  controlling  the  shape  and  the  func- 

PnnPfat  eC6Pi°r  direCtly’  one  can  assi9n  to  each 
ter  (Table  Jr6  3raCteristic  potency  and  biocharac- 

The  Identification  of  Steroid  Receptors  and  Their 
Genomic  Action 

^6Parati0n  °f  h'9h  specific  activity  radiolabeled 
steroid  hormones  more  than  3  decades  ago  led  to  the 

internet  tT  °f  h'9h  affinity  binding  proteins 

n  target  tissues  for  steroid  hormones  (61).  Since  the 

binding  affinity  that  these  proteins  showed  for  various 
ligands  reflected  the  biological  potency  of  these  li¬ 
gands  quite  accurately,  the  binding  proteins  were 


BIPARTITE  (CLASSICAL)  RECEPTOR  PHARMACOLOGY 

Ugand  Receptor  Ugand  Receptor  Response/ 
- - - - - Complex  Biocharacter 


full 

(agonist) 


partial 
(partial  ago 


agonist) 


none 

(antagonist) 


•  Interaction  !  Response  .  .  , 
(potency)  j  (biocharacter) 


R  This  Sot03'  BiPartitS  (bigand-Receptor)  Pharmacology 
s  *mP!e  conceptual  scheme  illustrates  how  the  re¬ 
sponse  to  a  hormone  might  be  mediated  by  a  bipartite  inter- 

Septef/ST  f6.  h0r™ne’  aotin9  as  a  ligand  (L)  and  a 
f  '"such  a  bipartite  system,  the  effect  of  each 
hormonal  ligand  is  determined  directly  by  the  nature  of  its 
interaction  with  the  receptor.  Thus,  unique  potency  and  bio¬ 
character  descriptors  can  be  assigned  to  each  hoLone 
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Table  2.  Pharmacology  in  Bipartite  vs.  Tripartite  Receptor  Systems 

Pharmacological  characteristic 

Bipartite  scheme 

Tripartite  scheme 

Potency  (EC50,  IC50) 

Determined  by  the  affinity  of  the 

L-R  interaction 

Determined  by  both  L-R  binding  affinity  and  L-R 
coupling  with  effectors 

Biocharacter  (efficacy, 
intrinsic  activity) 

Determined  by  effectiveness  the 
conformation  of  the  L-R  complex 
itself 

Determined  by  both  shape  of  the  L-R  complex  and 
the  effectiveness  of  its  coupling  with  various 
effector  sites 

Uniqueness  of 
pharmacological 
characteristics 

Potency  and  biocharacter  can  be 
uniquely  assigned  to  each  ligand 

Potency  and  biocharacter  are  effector  dependent; 
they  are  not  inherent  characteristics  of  a  ligand, 
and  cannot  be  assigned  without  reference  to  a 
particular  response 

soon  referred  to  as  “receptors.”  Results  from  other 
biochemical  studies  elucidated  the  principal  action  of 
steroids  as  the  activation  of  gene  transcription  (for 
example,  Refs.  62-66).  The  role  of  these  binding  pro¬ 
teins  as  receptors,  linking  the  binding  interaction  of  the 
steroid  with  the  biochemical  response  of  transcription 
activation,  still  appeared  to  be  clear.  Nevertheless,  it 
was  evident  even  then  that  there  would  be  other  mo¬ 
lecular  elements  within  the  cell  with  which  the  ligand- 
receptor  complex  would  need  to  interact  in  order  for 
the  effect— the  transduction  of  the  signal— to  continue 
(67,  68). 

In  the  most  recent  decade,  great  strides  have  been 
made  in  determining  the  structure  of  these  receptors 
and  in  elucidating  the  details  of  their  action.  They  are 
multidomain  proteins  that  engage  in  multiple  interac¬ 
tions  in  the  process  of  eliciting  their  genetic  transcrip¬ 
tional  activation  or  repression  responses.  In  some 
cases  they  interact  with  themselves  as  homodimers  or 
with  other  related  receptor  partners  as  heterodimers. 
At  each  regulated  gene,  these  receptors  may  interact 
with  DNA  via  response  elements  of  varying  sequence 
and  distribution,  with  transcription  factors  and  other 
components  of  the  general  transcription  apparatus, 
and  with  various  other  activator  and  adaptor  (co-acti- 
vator  and  co-repressor)  proteins  that  are  associated 
with  the  transcriptional  regulation  of  that  particular 
gene  (reviewed  in  Refs.  69-73). 

This  proliferation  of  molecular  constituents  that  link 
ligand  to  response  necessitates  a  reexamination  of  the 
simplistic  application  of  the  term  “receptor”  to  this 
intracellular  ligand-binding  protein.  In  fact,  in  the  nu¬ 
clear  receptor  signal  transduction  cascade,  it  is  no 
longer  so  clear  where  the  effect  of  ligand  “interaction" 
ceases  and  the  biological  “response”  begins,  and 
thereby  just  what  molecular  entity  or  entities  linking 
interaction  and  response  merits  the  appellation  “re¬ 
ceptor”  in  the  classical  pharmacological  sense.  The 
“interaction"  by  which  a  ligand  effects  a  response  in 
the  steroid  hormone  system  is  clearly  a  multipartite 
phenomenon,  one  that  is  much  more  complex  than  the 
bipartite  interaction  originally  envisioned  as  simply  the 
binding  of  a  hormone  to  a  receptor  protein.  The  pro¬ 
liferation  of  such  terms  and  phrases  as  “cell  and  pro¬ 
moter  context,”  “gene-specific  effects,”  “intracellular 


receptor  pharmacology,”  “post-receptor  events  in  li¬ 
gand  discrimination,”  or  the  “different  biology  of  vari¬ 
ous  receptor-ligand  complexes”  to  describe  steroid 
hormone  pharmacology  is  a  reflection  of  the  inade¬ 
quacy  of  the  current  use  of  the  classical  terms  “ago¬ 
nist,”  “antagonist,  ”  and  “receptor”  to  describe  the 
selective  action  of  hormones  at  the  level  of  the  cell  and 
gene. 

The  Tripartite  (Ligand-Receptor-Effector) 

Systems 

A  tripartite  scheme  that  embodies  elements  which 
seem  more  appropriate  to  describe  steroid  hormone 
molecular  pharmacology  is  shown  in  Fig.  2  (Table  2). 
Whereas  the  bipartite  scheme  (Fig.  1)  embodied  the 
ligand  binding  and  the  response  initiation  functions  in 
one  entity,  in  the  tripartite  scheme  these  functions  are 
assigned  to  separate  entities — ligand  binding  to  the 
receptor,  and  response  initiation  to  the  effector.  Thus, 
where  there  were  two  partners  that  defined  pharma¬ 
cology,  there  are  now  three:  the  ligand,  the  receptor, 
and  the  effector. 

Tripartite  or  ligand-receptor-effector  schemes  were 
proposed  some  time  ago  for  certain  other  signal  trans¬ 
duction  systems,  and  more  recently  even  for  some 
glucocorticoid  receptor-mediated  responses  (73a), 
especially  those  that  showed  a  discordance  between 
ligand  potency  in  response  stimulation  (measured  as 
the  EC50)  and  ligand  binding  to  receptor  [measured  as 
the  dissociation  constant  (KJ].  For  example  in  the 
“spare  receptor”  hypothesis,  the  effector  was  pro¬ 
posed  as  a  response-limiting  step  beyond  the  recep¬ 
tor  that  could  account  for  this  potency/binding  dis¬ 
junction  (74-77).  Many  of  these  systems  are  now 
known  to  be  tripartite  in  reality.  For  example,  the  ac¬ 
tion  of  extracellular  ligands  on  transmembrane  G  pro¬ 
tein-coupled  receptors  results  in  second  messenger 
induction  via  G  protein  activation  that  operates 
through  intracellular  sites  (78).  More  recently,  the  ac¬ 
tion  of  immunosuppressants  in  T  cells  has  been  shown 
to  be  tripartite;  it  begins  with  the  binding  of  the  immu¬ 
nosuppressants  by  immunophilins  and  then  proceeds 
with  the  interaction  of  this  complex,  as  a  composite 
ligand,  with  the  phosphatase  calcineurin  (79).  What  is 
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DIFFERENT  MODES  OF  NUCLEAR  RECEPTOR 
ACTIVATION  OF  GENES 


EFFECTOR 
SYSTEM  1 


EFFECTOR  EFFECTOR 

SYSTEM  2  SYSTEM  3 
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Fig.  2.  Tripartite  (Ligand-Receptor-Effector)  Pharmacology 

The  response  to  a  hormone  is  mediated  by  a  tripartite  interaction  involving  the  ligand,  the  receptor,  and  effector  sites  through 
which  the  ligand-receptor  complex  regulates  the  response.  The  top  of  this  scheme  illustrates  three  different  modes  for  nuclear 
receptor  activation  of  genes;  for  each  mode,  an  optimal  ligand-receptor-effector  combination  is  shown.  The  bottom  of  the  scheme 
illustrates  the  activity  that  each  of  the  three  ligand-receptor  complexes  might  have  at  each  of  the  three  effector  sites.  Note  that 
the  receptor  adopts  a  different  conformation  in  its  complex  with  the  three  ligands  and  that  these  different  “shapes”  affect  the 
nature  of  the  receptor-effector  coupling.  In  a  tripartite  scheme,  the  potency  of  a  ligand  is  determined  largely  by  its  affinity  of 
interaction  with  the  receptor,  but  its  biocharacter  is  determined  by  the  interaction  that  the  ligand-receptor  complex  has  with 
various  effector  sites.  Therefore,  for  each  receptor,  the  biocharacter  (and  to  some  degree  the  potency)  of  a  hormone  cannot  be 
uniquely  assigned  without  reference  to  a  specific  response  and  effector  interaction.  Other  modes  of  nuclear  receptor  gene 
activation  than  the  three  illustrated  here,  such  as  the  remodeling  of  nucleosomal  and  chromatin  architecture  by  hormone  receptor 
complexes,  have  been  identified.  However,  for  simplicity,  only  three  are  shown  here  as  examples. 


unusual  about  the  tripartite  nature  of  the  nuclear  hor¬ 
mone  receptor  system  is  that  there  appears  to  be  an 
unusual  number  and  variety  of  effectors;  this  might 
well  be  the  hallmark  of  pleiotropic  response  systems. 

The  pharmacological  implications  of  the  tripartite 
model  are  significantly  different  from  the  bipartite 
model.  In  the  bipartite  model  (Fig.  1  and  Table  2),  a 
single  interaction,  the  binding  of  ligand  by  receptor, 
directly  regulates  receptor  function  and  thereby  deter¬ 
mines  both  the  potency  and  the  biocharacter  of  the 
ligand.  By  contrast,  ligand  potency  and  ligand  bio¬ 
character  are  determined  through  two  different  inter¬ 
actions  in  the  tripartite  scheme  (Fig.  2  and  Table  2).  In 
the  first  interaction,  ligand  binds  to  receptor  to  form  a 
complex,  and  the  affinity  of  this  binding  is  a  principal 
determinant  of  ligand  potency.  However,  this  ligand- 


receptor  interaction  alone  does  not  control  the  re¬ 
sponse  and  therefore  is  not  a  direct  determinant  of 
ligand  biocharacter.  The  pharmacological  nature  of 
the  ligand,  its  biocharacter  and  its  potency,  is  only  fully 
established  through  the  second  interaction.  This  cou¬ 
pling,  which  occurs  between  the  ligand-receptor  com¬ 
plex  and  the  third  partner,  the  effector,  is  an  interaction 
that  has  both  an  affinity  and  an  efficacy  dimension. 

The  Nature  of  Effectors  for  Nuclear  Receptors 

In  the  nuclear  hormone  receptor  systems,  the  effector 
site  represents  the  aggregate  of  all  the  other  compo¬ 
nents  with  which  the  ligand-receptor  complex  inter¬ 
acts  at  each  regulated  gene.  Thus,  the  effector  is 
obviously  complex.  It  is  made  up  of  elements  common 
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to  all  genes,  as  well  as  elements  unique  to  each  cell 
and  to  each  gene,  even  in  systems  like  the  estrogen 
receptor  where  only  a  single  receptor  exists.  The  nu¬ 
clear  components  that  define  effector-site  selectivity 
are  not  well  understood  at  present.  Nevertheless,  they 
may  be  grouped  into  several  classes,  three  of  which 
are  illustrated  in  Fig.  2. 

In  most  cases,  the  coupling  between  the  receptor 
and  effector  involves  direct  interaction  with  DNA 
through  hormone  response  elements,  which  at  various 
genes  may  be  consensus,  nonconsensus,  single,  mul¬ 
tiple,  half-sites,  etc.;  DNA  sequences  flanking  the  re¬ 
sponse  elements,  which  are  known  to  affect  receptor 
binding  affinity,  also  differ  in  various  responsive  genes. 
For  the  most  part,  sequences  that  bind  receptors  with 
high  affinity  act  as  tethering  sites  for  these  potent  gene 
activators.  In  certain  instances  such  as  the  proliferin 
gene,  upstream  binding  to  a  specific  sequence  ap¬ 
pears  to  favor  a  conformationally  inactive  form  of  the 
glucocorticoid  receptor  and  may  be  operationally  de¬ 
fined  as  a  negative  glucocorticoid  response  element 
(80). 

After  binding  to  their  cognate  response  elements,  a 
number  of  receptors  appear  to  touch  the  general  tran¬ 
scription  factor  complex  (GTFs)  located  at  the  TATA 
box  (cf.  Fig.  2,  effector  system  1)  (81-83).  Although 
TFIID  may  be  a  target  for  certain  receptors,  the  pre¬ 
ferred  partner  of  progesterone,  estrogen,  thyroid  hor¬ 
mone,  vitamin  D3  receptors,  and  COUP-TF  often  ap¬ 
pears  to  be  TFIIB,  a  rate-limiting  component  whose 
presence  appears  requisite  for  drawing  RNA  poly¬ 
merase  (and  TFIIF)  to  the  promoter  (84).  At  this  level, 
both  positive  and  negative  associations  have  been 
predicted  for  receptors  with  TFIIB.  For  example,  un¬ 
occupied  thyroid  hormone  receptor  touches  TFIIB  at 
two  distinct  regions;  one  of  these  interactions  has 
been  hypothesized  to  be  repressive,  to  explain  the  well 
described  silencing  activity  of  ligand-free  thyroid  hor¬ 
mone  receptor  at  certain  genes  (82).  Thyroid  hormone 
binding  to  thyroid  hormone  receptor  inhibits  this  re¬ 
pressive  interaction.  Nevertheless,  effector  site  inter¬ 
actions  appear  to  be  of  even  greater  complexity. 

Experimental  evidence  has  predicted  the  existence 
of  adaptor  proteins  that  may  act  as  either  coactivators 
(85,  86)  or  corepressors  for  nuclear  receptors  (cf.  Fig 
2,  effector  system  2).  In  transfected  cells,  the  ability  of 
activated  estrogen  receptor  to  suppress  or  “squelch” 
the  transcriptional  capacity  of  activated  progesterone 
receptor  has  been  interpreted  to  result  from  their  com¬ 
petitive  interactions  with  limiting  concentrations  of  a 
putative  cellular  coactivator  (87-89).  Recently,  this  hy¬ 
pothesis  has  been  substantiated  by  the  identification 
and  cloning  of  a  general  steroid  receptor  coactivator 
(SRC-1),  which  fulfills  many  of  the  criteria  that  have 
been  preassigned  to  such  a  molecule,  i.e.  it  enhances 
ligand-induced  gene  activity  (up  to  10-fold)  without 
altering  basal  transcription  levels,  and  it  can  reverse 
interreceptor  squelching  when  transfected  into  a  cell 
with  two  active  receptors  (90).  SRC-1  appears  to  exist 
in  two  isoforms  and  its  mRNA  is  present  in  all  cells  It 


specifically  interacts  with  the  C-terminal  activation  do¬ 
main  (AF-2)  of  receptors  in  a  ligand-dependent  man¬ 
ner  but  functions  with  all  steroid/thyroid/retinoic  acid 
receptors  tested  to  date.  This  coactivator  is  inactive 
with  receptors  bound  to  pure  antagonists  but  has 
been  shown  recently  to  enhance  mixed  agonist/antag¬ 
onist  activation  of  ER  as  well  as  ligand-independent 
activation  of  receptor  by  dopaminergic  agonists  and 
growth  factors.  Other  potential  adaptor  proteins  that 
interact  with  steroid  receptors  in  a  ligand-regulated 
manner,  termed  receptor-associated  proteins  (RAPS) 
or  receptor-interacting  proteins  (RIPS),  have  been 
identified,  although  none  have  been  proven  yet  to 
function  as  transcriptional  coactivators.  Cells  with  an 
abundance  of  coactivator  should  have  a  more  pro¬ 
nounced  response  to  a  limiting  concentration  of  re¬ 
ceptor.  It  is  clear  that  receptor-coactivator  interactions 
are  an  important  part  of  the  tripartite  response  system 
at  the  gene  level  and  can  play  a  major  role  in  quanti- 
tative  aspects  of  cell  response. 

Elucidation  of  the  molecular  interactions  of  SRC-1 
and  other  coactivators  with  receptor  should  advance 
our  understanding  of  the  mechanism  of  antagonist 
action.  Previous  experimental  evidence  has  indicated 
that  agonist-  and  antagonist-bound  receptors  exist  in 
distinct  conformations  (91,  92).  Interestingly,  agonist- 
bound  receptor  binds  efficiently  to  coactivator  in  vitro 
and  in  vivo,  but  the  antagonist-bound  receptor  does 
not  bind  coactivator.  Such  differential  interactions  are 
illustrated  by  the  varying  activities  postulated  for  the 
different  ligand  receptor  complexes  with  effector  sys¬ 
tem  2  (Fig.  2,  bottom)  and  suggest  that  antagonist 
action  has  its  origin  at  two  levels,  that  of  ligand-in¬ 
duced  receptor  conformation  and  that  of  receptor- 
effector  interaction  at  the  genetic  level  (see  below).  In 
such  a  scheme,  antagonist-bound  receptor  occupies 
available  hormone  response  elements  in  the  cell,  but 
its  conformation  does  not  allow  productive  interac¬ 
tions  with  coactivators  or  the  general  transcription 
factor  apparatus  at  the  core  promoter  (TATA  box). 

Recent  data  suggesting  the  existence  of  a  compres¬ 
sors)  for  the  thyroid  hormone  receptor  (and  retinoic 
acid  receptor)  add  an  additional  twist  (93,  94).  Unoc¬ 
cupied  nuclear  thyroid  hormone  receptor  has  been 
reported  to  silence  target  gene  activity  (95,  96).  Pre¬ 
sentation  of  thyroid  hormone  (Tg)  reverses  silencing 
and  produces  a  stimulation  of  transcription.  It  has 
been  proposed,  using  reverse  squelching  experiments 
to  relieve  silencing,  that  a  soluble  corepressor  in  target 
cells  binds  to  unoccupied  but  not  ligand-bound  recep¬ 
tor,  thus  aiding  in  the  thyroid  hormone  receptor-in¬ 
duced  repression  of  basal  transcription  at  select  target 
genes  (93).  Recently,  two  “corepressor”  molecules  ap¬ 
pear  to  have  been  cloned  in  their  entirety  and  seem  to 
fulfill  the  expected  criteria,  i.e.  selective  silencing, 
which  is  dependent  on  unoccupied  thyroid  hormone 
receptor  or  retinoic  acid  receptor  (97,  98).  In  fact,  it  is 
likely  that  multiple  coactivators  and  corepressors  will 
be  shown  to  be  operative  in  cells.  More  than  one 
agonist-dependent  receptor  interactive  protein  has 
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been  reported  already  (99-105).  Although  the  full  con¬ 
sequences  of  such  interactions  are  not  clear  at 
present,  an  ever  increasing  level  of  complexity  is 
evolving  at  the  effector  stage  of  hormone  response. 

Perhaps  the  most  influential  aspect  of  promoter 
context  or  gene-specific  response  to  a  ligand  is  the 
array  of  other  transcription  factors  present  at  a  given 
gene.  Although  there  is  evidence  for  certain  promoter- 
specific  factors,  the  bulk  of  interactive  regulation  ap¬ 
pears  to  occur  upstream  of  the  transcription  start  site 
at  multiple  enhancers.  It  is  well  known  that  two  recep¬ 
tor  dimers  bound  to  the  5'-flanking  sequence  of  a 
target  gene  can  result  in  transcriptional  synergy  (106). 
This  also  applies  to  mixes  of  receptors  and  other  com¬ 
patible  DNA-bound  transcription  factors,  since  a  num¬ 
ber  of  synergistic  (and  antagonistic)  interactions  have 
been  reported  among  steroid  receptors  and  unrelated 
transcription  factors  (72,  73,  73a,  107).  Not  surpris¬ 
ingly,  the  mix  of  receptors  with  certain  transacting 
factors  located  at  critical  positions  upstream  of 
the  promoter  also  may  result  in  transcriptional  inter¬ 
ference. 

A  number  of  laboratories  have  suggested  that  inter¬ 
active  regulation  between  transcription  factors  can  oc¬ 
cur  in  cells  even  in  the  absence  of  DNA  binding.  For 
example,  transcription  factor  AP-1  can  promote  active 
(or  positive)  influences  on  receptors  independent  of 
their  DNA  binding.  Interactions  in  the  nucleoplasm 
may  occur  or  AP-1  (fos/jun)  may  bind  to  its  regulatory 
element  at  a  gene  and  serve  as  a  docking  site  for  a 
steroid  receptor  via  protein-protein  interaction  (108) 
{cf.  Fig.  2,  effector  system  3).  Likewise,  in  some  target 
genes  with  unusual  estrogen-inducible  enhancers, 
such  as  c-myc  (109),  creatine  kinase  (110),  cathepsin 
D  (111),  and  the  protooncogene  c -jun  (112),  receptor 
association  with  other  known  (such  as  transcription 
factor  Spl)  or  as  yet  unidentified  DNA-binding  pro¬ 
teins  appears  to  facilitate  receptor  interaction  with  the 
enhancer.  Receptor-mediated  gene  repression  also 
may  occur  via  protein-protein  interactions  among 
transcription  factors.  For  example,  glucocorticoid  re¬ 
ceptor  down-regulation  of  certain  genes  regulated  by 
the  transcription  factors  AP-1  or  NFkB  may  occur  via 
interactions  between  such  regulators  and  the  glu¬ 
cocorticoid  receptor  in  the  absence  of  DNA  binding 
(113).  Finally,  nuclear  proteins  may  interact  directly 
and  specifically  with  receptor  molecules  to  antagonize 
their  binding  to  DNA.  Examples  of  such  proteins  are 
calreticulin,  which  antagonizes  steroid  receptors  (114), 
and  thyroid  hormone  receptor  uncoupling  protein 
(TRUP),  which  antagonizes  thyroid  hormone  receptor 
and  retinoic  acid  receptor  (115). 

Finally,  it  is  worth  noting  that  chromatin  structure  of 
genes  in  their  native  context  provides  a  significant 
barrier  for  receptor  to  overcome  in  transcriptional  reg¬ 
ulation  (40,  72,  116,  117).  Nucleosomal  repression  of 
gene  activation  must  be  reversed  by  receptors,  and 
selected  nuclear  helper  proteins  (e.g.  SWI,  SWE,  SNF, 
Sin,  etc.)  may  play  important  roles  in  the  chromatin 
remodeling  that  appears  to  coincide  with  induction  of 


transcription.  In  any  event,  it  is  certain  that  a  diverse 
spectrum  of  interactions  can  occur  at  an  effector  site 
and  that  this  complexity  may  represent  a  mechanism 
whereby  promoter  context  and  cell  specificity  of  re¬ 
sponse  can  be  generated. 

Pharmacology  in  Tripartite  (Ligand-Receptor- 
Effector)  Systems 

In  Fig.  2,  we  have  laid  out  three  tripartite  schemes  to 
illustrate  the  types  of  molecular  interactions  that  may 
be  operating  in  the  activation  of  gene  transcription  by 
nuclear  hormone  receptors.  Through  this  figure,  we 
also  have  attempted  to  represent  the  combinatorial 
complexity  that  can  arise  as  a  result  of  the  second 
interaction,  between  the  ligand  receptor  complex  and 
the  effector.  The  interactions  at  the  top  of  Fig.  2  illus¬ 
trate  the  optimal  interaction  that  might  occur  between 
three  distinct  effector  systems  and  three  different  li¬ 
gand  receptor  complexes,  each  formed  from  the  same 
receptor  with  three  different  types  of  ligands;  shown  is 
the  fact  that  each  ligand-receptor  complex  has  a  dis¬ 
tinct  conformation.  At  the  bottom  of  Fig.  2,  we  attempt 
to  show  the  consequence — in  terms  of  signal  trans¬ 
duction — of  the  distinct  interaction  that  each  of  these 
ligand-receptor  complexes  might  have  with  all  three  of 
the  effector  systems.  While  this  illustration  is  obviously 
limited  and  simplified  (see  previous  section  “The  Na¬ 
ture  of  Effectors  for  Nuclear  Receptors”  and  see  be¬ 
low),  it  is  meant  to  capture  the  conceptual  basis  of 
pharmacology  in  a  tripartite  receptor  system,  espe¬ 
cially  the  fact  that  response  diversity  can  be  generated 
at  the  level  of  the  effector.  In  addition  to  the  three 
scenarios  shown  in  Fig.  2,  diversity  can  also  be  gen¬ 
erated  further  by  differences  in  the  nature  of  the  hor¬ 
mone  response  element,  the  influence  of  neighboring 
DNA-binding  sites  for  other  nuclear  factors,  as  well 
as  the  nature  of  the  promoter  and  chromatin  state/ 
conformation. 

The  transcription  activation  functions  ascribed  to 
different  regions  of  nuclear  hormone  receptors  (AF-1 
and  2,  or  r1-r4)  can  be  thought  of  as  sites  through 
which  the  receptor  has  the  potential  for  interaction 
with  these  various  effectors  (70,  72,  73).  However,  the 
degree  to  which  a  particular  ligand  may  engender  the 
receptor  to  operate  through  these  different  activation 
function  sites  depends  on  the  nature  of  the  specific 
effector  system  with  which  the  ligand-receptor  com¬ 
plex  interacts.  Again,  this  is  dependent  on  the  ceil-  and 
promoter-specific  factors  and  the  response  elements 
that  constitute  the  effector.  In  cotransfection  systems, 
mutant  receptors  can  be  used  to  amplify  the  varied 
effects  of  different  ligands  in  their  interaction  with  spe¬ 
cific  effector  sites  (5,  41 , 43,  118-123).  This  approach 
has  assisted  in  the  identification  of  ligands  with  spe¬ 
cific  desired  biocharacter,  such  as  ligands  for  the  es¬ 
trogen  receptor  that  have  the  proper  spectrum  of 
agonist/antagonist  activity  needed  for  hormone  re¬ 
placement  therapy  (43). 
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In  tripartite  receptor  pharmacology,  it  is  useful  to 
consider  that  the  potency  of  a  particular  ligand  is 
determined  principally  through  the  first  interaction 
(ligand  and  receptor  binding ),  whereas  its  biocharacter 
(i.e.  agonist-antagonist  balance)  is  determined  princi¬ 
pally  through  the  second  interaction  (receptor-effector 
coupling).  This  may  prove  to  be  an  oversimplification, 
as  there  are  known  exceptions.  In  model  transcription 
systems  in  yeast,  certain  receptor-modulatory  pro¬ 
teins  (SSN6-TUP1)  have  been  shown  to  alter  ligand 
potency  (ECS0)  of  both  estrogens  and  progestins  by 
several  orders  of  magnitude,  not  by  a  perturbation  of 
ligand  receptor  binding,  but  by  alteration  of  receptor- 
effector  coupling  that  is  interpreted  as  a  modification 
of  AF-1  activity.  In  this  system,  these  adaptor  proteins 
also  alter  the  biocharacter  of  antiestrogens  without 
changing  ligand  affinity  (89).  Related  studies  have  de¬ 
fined  a  glucocorticoid  modulatory  element  in  the 
tyrosine  amino  transferase  gene,  and  associated 
transactivating  factors,  that  alter  ligand  potency 
and  biocharacter  (123).  Conversely,  it  is  possible  that 
variations  in  response  element  sequence  that  affect 
receptor-effector  coupling  might  also  alter  the  confor¬ 
mation  of  the  receptor  in  a  manner  that  would  change 
ligand  affinity.  Further  investigation  of  ligand-receptor 
binding  and  receptor-effector  coupling  in  carefully 
controlled  systems  will  be  required  to  fully  elucidate 
the  relative  role  that  each  interaction  plays  in  estab¬ 
lishing  pharmacological  potency  and  biocharacter. 
Regardless  of  these  details,  however,  in  a  tripartite 
receptor  system,  the  pharmacological  parameters  of 
potency  and  biocharacter  are  not  unique  characteris¬ 
tics  of  a  ligand;  they  can  be  assigned  to  a  ligand  only 
when  reference  is  made  to  a  specific  response  or  its 
associated  effector  (Table  2). 


CONSEQUENCES  AND  EXPECTATIONS 

A  prerequisite  for  receptor  pharmacology,  be  it  bipar¬ 
tite  or  tripartite,  is  that  ligand  binding  effects  some 
conformational  change  in  the  receptor  that  initiates  the 
response  (directly— bipartite)  or  the  potential  for  re¬ 
sponse  (through  coupling  with  effectors— tripartite).  It 
is  clear  that  the  binding  of  a  hormone  ligand  by  its 
nuclear  receptor  results  in  significant  conformational 
changes  in  the  receptor.  This  has  been  evident  for 
some  time  through  indirect  studies  that  have  noted 
alterations  in  thermal  stability,  antibody  binding,  heat 
shock  protein  dissociation,  hydrophobicity,  DNA  bind¬ 
ing,  and  protease  sensitivity  upon  ligand  binding.  More 
recently,  crystallographic  evidence  (124-126)  has 
shown  that  the  small  nuclear  receptor  ligands  are  al¬ 
most  completely  surrounded  by  protein  in  their  com¬ 
plexes  with  receptor.  Moreover,  within  this  complex 
there  appear  to  be  intimate  and  detailed  contacts  be¬ 
tween  protein  and  ligand  over  the  whole  ligand  surface 
so  that,  of  necessity,  the  conformation  of  a  steroid- 
nuclear  receptor  complex  must  reflect  the  shape  and 
structure  of  its  ligand.  Thus,  the  affinity  and  efficacy 


with  which  these  conformationally  diverse  ligand-re¬ 
ceptor  complexes  interact  with  the  various  effector 
sites  involved  in  the  transcriptional  regulation  of  dif¬ 
ferent  genes  reflect  the  structure  of  the  receptor  com¬ 
plex  in  its  specific  ligand-induced  conformation.  What 
are  the  implications  of  this  ligand-determined  confor¬ 
mation  of  the  nuclear  hormone  receptors? 

First,  it  is  not  surprising  that  in  the  nuclear  hormone 
receptor  system,  ligands  of  different  structure  operat¬ 
ing  through  the  same  receptor  can  show  distinct  cell- 
and  gene-specific  effects.  One  should  expect  that  the 
same  receptor,  bound  with  ligands  of  different  struc¬ 
ture,  gives  rise  to  complexes  of  different  conformation. 
Such  conformationally  different  ligand-receptor  com¬ 
plexes  have  the  potential  for  different  coupling  with  the 
spectrum  of  effector  sites  that  are  present  in  each 
target  cell  and  that  embody  all  the  cell-  and  gene- 
specific  factors  that  enable  individual  genes  to  be 
differentially  regulated  by  different  ligands.  At  the  mo¬ 
ment,  the  number  of  genes  whose  expression  is 
known  to  be  regulated  as  a  primary  response  to  ste¬ 
roid  hormones  is  rather  limited.  As  more  are  identified, 
it  is  likely  that  the  diversity  of  response  to  ligands  that 
is  possible  with  this  tripartite  receptor  system  will  be¬ 
come  even  more  evident. 

Second,  in  contrast  to  allosteric  effector  ligands  in 
enzyme  systems  and  ion  channels  that  bind  rapidly  to 
preformed  regulatory  sites  and  act  like  switches  con¬ 
trolling  the  conformation  between  two  states,  active 
and  inactive  (conformation  selection)  (127),  one  should 
expect  the  hormonal  ligand  to  affect  the  conformation 
of  the  receptor  in  more  of  a  progressive  or  continuum 
fashion.  The  rate  at  which  ligands  associate  with  nu¬ 
clear  receptors  is  slow,  far  below  diffusion  control, 
which  characterizes  most  small  molecule-protein  in¬ 
teractions.  This  suggested  that  the  receptor  under¬ 
goes  a  substantial  conformational  reorganization  upon 
binding  the  ligand.  Furthermore,  since  many  unligan- 
ded  receptors  are  associated  with  certain  heat  shock 
proteins,  the  sequences  that  constitute  the  ligand¬ 
binding  pocket  were  thought  to  be  somewhat  disor¬ 
dered  in  the  absence  of  ligand.  Both  of  these  expec¬ 
tations  have  been  confirmed  by  recent  X-ray  crystal 
structures  (124-126).  Thus,  the  formation  of  the 
ligand-receptor  complex  in  the  nuclear  hormone  re¬ 
ceptor  system  is  an  excellent  example  of  an  induced  fit 
(128),  conformation  induction  (127),  or  macromolecu- 
lar  perturbation  (1 29),  with  the  receptor  conforming  to 
the  shape  of  the  ligand  (and  the  ligand,  if  flexible, 
having  its  conformation  altered  by  binding  to  the  re¬ 
ceptor  as  well)  (125,  126). 

Finally,  while  structural  elucidation  methods  will 
soon  give  us  high  resolution  models  for  many  nuclear 
receptors  binding  ligands  of  varying  structure,  the  im¬ 
pact  of  this  structural  information  on  our  understand¬ 
ing  of  steroid  hormone  molecular  pharmacology, 
though  very  useful,  will  still  be  limited.  The  picture  will 
be  complete  only  when  the  details  governing  the  cou¬ 
pling  of  these  ligand-receptor  complexes  with  the 
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varying  elements  of  their  third  partners,  the  effector 
sites,  also  become  illuminated. 
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Nuclear  hormone  receptors:  ligand-activated  regulators  of 
transcription  and  diverse  cell  responses 
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Signal  transduction  via  nuclear  hormone  receptors  is  unusual 
in  that  the  hormone  ligand  forms  an  integral  part  of  the  protein 
complex  involved  in  DNA  binding  and  transcriptional 
activation.  New  structural  and  biochemical  results  have  begun 
to  unravel  how  these  receptors  produce  different  effects  in 
different  cells,  and  the  structural  changes  involved  in 
transcriptional  activation. 
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Introduction 

Radiolabeled  steroid  and  thyroid  hormones  of  high  specific 
activity  were  first  prepared  in  the  late  1960’s,  and  were 
used  as  probes  to  identify  the  sites  of  hormone  action  [1]. 
It  has  been  known  for  nearly  30  years  that  these  hormones 
act  via  intracellular  receptor  proteins  whose  principal  target 
for  action  is  in  the  nucleus.  The  receptor  proteins  were 
quickly  surmised  to  be  regulators  of  transcription  [2-6], 
and  are  now  known  to  be  part  of  the  nuclear  receptor 
superfamilv.  This  large  group  of  transcription  factors 
includes  proteins  that  mediate  the  action  of  the  steroid 
hormones  (such  as  estrogens,  androgens,  glucocorticoids, 
mineralocorticoids  and  the  insect  steroid  hormone 
ecdysone),  as  well  as  the  non-steroid  hormones  (for 
example,  thyroid  hormone,  vitamin  D3  and  the  retinoids) 
and  receptors  that  mediate  the  peroxisomal  proliferation 
response  to  fatty  acids  and  other  factors  (Fig.  1)  [7-11]. 

Many  other  members  of  the  superfamily  have  been  identi¬ 
fied  by  low  stringency  hybridization  analysis;  some  of  the 
genes  thus  identified  encode  proteins  that  are  known  to 
be  expressed  and  have  the  conserved  six-domain  structure 
seen  in  the  hormone  receptors.  Because  the  hormonal 
ligands  for  these  proteins  are  unknown,  they  are  termed 
‘orphan’  receptors  [12].  It  is  however  possible  that  some  of 
these  so-called  receptors  may  act  as  transcription  factors 
alone,  without  ligands.  To  add  to  the  complexity  of  the 
situation,  most  classes  of  receptors  within  this  family 
contain  more  than  one  subtype  (i.e.,  products  of  closelv 
related  genes);  sometimes  there  are  also  different  isoforms 
(i.e.,  products  from  alternate  transcription  start  sites  on  the 
same  gene)  and  products  of  mRNA  splice  variants.  Both 
the  concentration  of  these  receptors  and  the  relative  ratio 
of  subtypes  and  isoforms  vary  in  different  target  tissues 
and  at  different  stages  of  development. 

Structure  and  function  of  the  nuclear  receptors 

The  signature  of  the  nuclear  receptor  family  is  a  six- 
domain  structure,  the  most  highly  conserved  portion  of 
which  is  the  small  (-70-80  amino  acids)  domain,  C,  that  is 
responsible  for  DNA  binding  (Fig.  2).  This  domain  has 
been  known  for  some  time  to  have  a  helix-loop-helix 
structure  containing  two  zinc  atoms,  each  chelated  by  four 
cysteine  thiols  at  the  start  of  each  helix.  Three  residues  at 
the  start  of  the  first  helix  in  this  domain  ‘read’  a  five  to  six 
base  pair  code  in  a  DNA  hormone-response  element;  the 
mechanism  of  this  sequence-specific  recognition  is 
becoming  increasingly  clear  through  structural  analysis  of 
domain  C-oligonucleotide  complexes  by  X-ray  crystallog¬ 
raphy  [13].  The  large  (-250  amino  acid)  domain,  E,  which 
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Structures  of  nuclear  receptors  and  their  ligands,  (a)  Common  domain 
structure  of  representative  members  of  the  nuclear  receptor 
superfamify,  human  estrogen  receptor  a  (hERa),  human  glucocorticoid 
receptor  a  (hGRa),  human  thyroid  hormone  receptor  (hTRe^),  human 
retinoic  acid  receptor  7  (hRAR7),  and  two  orphan  receptors  COUP-TF 
and  HNF-4.  The  DNA-binding  domain  C  and  ligand-binding  domain  E 
are  shown  with  their  percent  sequence  identity  (or  similarity,  in 
parentheses)  to  hERa.  (b)  The  natural  ligands  for  the  first  four 
receptors  in  (a)  are  shown;  there  are  no  known  ligands  for  the  orphan 
receptors  COUP-TF  and  HNF-4. 


is  moderately  conserved  across  members  of  the  family,  is 
responsible  for  hormone  binding  and  dimerization,  and  is 
critical  in  the  regulation  of  transcription  (see  below).  The 
other  domains  (the  amino-terminal  A/B  domains,  the 
hinge  domain  D,  and  sometimes  a  carboxy-terminal 
domain.  F),  which  are  poorly  conserved  in  length  and 
sequence  across  the  family,  are  mostly  involved  in  the 
modulation  of  receptor  function. 

Nuclear  receptor  ligands  are  directly  involved  in 
transcriptional  regulation 

Recent  advances  have  clarified  the  various  ways  in  which 
these  nuclear  receptors  can  become  activated,  as  well  as 


some  of  the  molecular  details  of  the  modulation  of  the 
transcriptional  activity  of  specific  genes.  The  essential 
and  intricate  role  of  the  ligand  in  controlling  the  regula¬ 
tion  of  gene  transcription  by  these  receptors  is  also  now 
becoming  clearer  (Fig.  3)  [14,15].  Although  hormones  and 
growth  factors  that  interact  with  receptors  at  the  cell 
membrane  may  ultimately  affect  gene  transcription,  they 
require  multiple-step  signal  transduction  pathways  to  do 
so  (Fig.  3a);  the  change  in  transcription  factor  activity 
takes  place  far  away  from  the  interaction  between  the 
receptor  and  the  provoking  hormonal  agent.  By  contrast,  a 
ligand  that  activates  a  nuclear  receptor  forms  a  part  of  the 
multicomponent  complex  that  directly  regulates  gene 
transcription.  Such  direct  interactions  offer  interesting 
opportunities  for  selective  pharmacology  [16]. 

There  is  evidence  that  high  affinity  binders  for  steroid 
hormones  exist  in  cell  membranes,  especially  in  some 
brain,  pituitary  and  cancer  cells.  These  receptors  appear  to 
mediate  some  very  rapid  effects  of  steroid  hormones,  and 
it  is  not  yet  clear  whether  their  modes  of  action  are  similar 
to  or  different  from  the  nuclear  receptors  [17,18].  We  will 
focus  here  exclusively  on  the  nuclear  receptors,  since  the 
information  on  this  class  is  most  complete. 

Variations  on  a  theme 

The  classical  picture  of  gene  activation  via  nuclear  recep¬ 
tors  (Fig.  3b)  is  straightforward.  The  hormonal  ligand 
binds  to  the  receptor;  the  receptor-ligand  complex  thus 
formed  binds  (usually  as  a  dimer)  to  a  hormone-response 
element  in  the  promoter  region  of  a  regulated  gene,  and 
the  transcription  of  the  gene  connected  to  the  promoter  is 
thus  activated. 


Figure  2 


A  ribbon  structure  representation  of  the  human  glucocorticoid 
receptor  DNA-binding  domain  dimer  complexed  with  a  glucocorticoid 
response  element  (GRE).  The  DNA  contact  helices,  shown  edge  on, 
interact  with  the  palandromic  DNA  sequences  of  the  GRE  in  adjacent 
major  grooves. 
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Figure  3 


Both  membrane  receptors  and  nuclear 
receptors  modulate  gene  transcription,  but 
nuclear  receptors  do  so  more  directly,  (a) 
Membrane  receptor  signaling;  (b)  nuclear 
receptor  signaling.  In  a  membrane  receptor 
signaling  system,  the  signal  resulting  from  the 
binding  of  the  ligand  (L)  to  the  receptor  must 
be  transduced  to  the  nucleus  via  complex 
signal-transduction  cascades,  which  typically 
involve  second  messengers,  kinase  cascades 
and/or  phosphorylation  (P)  of  intermediary 
proteins  (such  as  STATs)  in  the  cytoplasm. 
The  end  result  is  a  change  in  the  activity  of  a 
transcription  factor  (TF)  in  the  nucleus, 
affecting  the  rate  of  initiation  of  RNA 
polymerase  II  (pol  II).  The  effects  of  a 
hormone  that  acts  via  a  nuclear  receptor  are 
much  more  direct;  the  ligand  and  receptor 
form  part  of  the  multicomponent  complex  that 
modulates  pol  II  activity. 


|  Membrane  receptors 


(b)  Nuclear  receptors  ; 


o  :  >  Oh 


Cytoplasm 
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It  cannot,  however,  be  this  simple.  The  target  of  the 
ligand-receptor  complex  can  clearly  vary  with  cell  type, 
which  would  be  impossible  in  the  rudimentary  scheme 
described  above.  For  example,  when  estrogen  binds  to  the 
estrogen  receptor  in  breast  cancer  and  uterine  cells  the 
result  is  the  stimulation  of  transcription  from  some  early 
response  genes,  such  as  c-myc,  and  genes  for  growth  factors 
(such  as  TGF-a  or  pS2)  or  growth  factor  receptors  (such  as 
the  EGF  receptor)  that  are  involved  in  the  stimulation  of 
cell  proliferation  evoked  by  the  hormone  [19].  The  same 


ligand-binding  event  in  pituitary  and  liver  cells  results  in 
activation  of  other  genes.  In  the  pituitary,  the  expression  of 
various  secreted  proteins  such  as  prolactin  is  increased, 
whereas  in  the  liver  the  level  of  vitellogenin,  among  others, 
is  increased. 

The  variations  on  the  classical  picture  occur  at  all  levels. 
One  source  of  variability  in  the  effect  of  ligand  binding  is 
the  cellular  distribution  of  the  receptor  in  the  absence  of 
ligand.  The  receptors  for  certain  non-steroid  ligands  (e.g.. 


Figure  4 


The  subcellular  location  of  unliganded 
nuclear  receptors  affects  the  way  that  they 
modulate  transcription,  (a)  The  unliganded 
receptors  for  nonsteroid  ligands  such  as 
thyroid  hormone  and  retinoic  acid  are 
typically  bound  as  dimers  to  their  hormone 
response  elements  (HREs),  even  in  the 
absence  of  ligand,  and  can  act  as 
transcriptional  repressors  without  ligands  or 
transcriptional  activators  with  ligand,  (b)  The 
unliganded  receptors  for  some  steroid 
hormones,  such  as  glucocorticoids,  are 
largely  held  as  monomers  in  the  cytoplasm  by 
heat-shock  proteins  (90,  23),  chaperonins 
(70)  and  immunophilins  (40,  52,  54);  in  this 
state  they  have  no  effect  on  transcription. 
Ligand  binding  releases  the  receptors  from 
the  cytoplasmic  aggregate,  and  the  activated 
receptors  bind  as  dimers  to  the  HREs  and 
activate  transcription. 
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thyroid  hormone  and  the  retinoids)  appear  to  be  already 
bound  to  their  response  elements  (Fig.  4)  [20].  Ligand 
binding  may  strengthen  DNA  binding,  and  may  alter  the 
structure  of  the  receptor  so  as  to  enhance  transcription 
(see  below).  In  the  absence  of  ligand,  these  DNA-bound 
receptors  repress  gene  transcriptional  activity  [21,22].  In 
contrast,  many  of  the  steroid  nuclear  receptors  (e.g,,  the 
glucocorticoid  receptor)  are  largely  cytoplasmic  in  the 
absence  of  ligand.  They  are  held  in  the  cytoplasm  in 
complex  with  heat-shock  proteins,  chaperonins,  and 
various  other  proteins  such  as  immunophilins  [23].  Ligand 
binding  helps  the  receptor  to  shed  these  proteins,  move 
into  the  nucleus,  dimerize,  and  interact  with  appropriate 
hormone  response  elements  (Fig.  4).  In  such  a  scheme, 
the  unliganded  receptor  cannot  be  used  as  a  transcrip¬ 
tional  repressor,  as  it  is  held  in  the  cytoplasm,  away  from 
the  DNA.  The  degree  of  nuclear  versus  cytoplasmic  local¬ 
ization  of  unliganded  receptors  varies  with  different  recep¬ 
tors  and  in  different  cells,  so  the  effect  of  the  unliganded 
receptor  on  transcription  will  depend  on  the  cell  and 
response  in  question. 

A  second  level  of  variation  in  our  originally  simple  scheme 
is  the  way  in  which  the  receptor  forms  a  dimer.  The  non- 
steroid  nuclear  receptors  for  thyroid  hormone,  vitamin  D 
and  retinoic  acid  can  either  form  homodimers  or  hetero- 
dimerize  with  the  retinoid  X  receptor  [12,20].  The  recep¬ 
tor  for  the  insect  steroid  hormone  eedysone,  on  the  other 
[land,  is  active  only  as  a  heterodimer  with  the  protein 
ultraspiracle,  a  homolog  of  the  retinoid  X  receptor  (RXR). 
The  preference  of  the  thyroid,  vitamin  D  and  retinoic  acid 
receptors  for  pairing  with  themselves  or  with  another 
partner  depends  on  several  factors,  including  the  relative 
concentration  of  the  monomer  components  (not  forgetting 
the  different  subtypes  and  isoforms)  and  of  their  cognate 
ligands.  Ligand  binding  can,  in  some  situations,  modulate 
the  formation  of  specific  complexes  [24].  A  further  factor 
is  the  structure  of  the  DNA  response  elements  with  which 
the  homo-  or  heterodimers  interact  [20,24]. 

The  dimerization  of  steroid  receptors  at  first  appeared  to 
be  less  complicated,  since  heterodimerization  between 
receptors  that  bind  different  ligands  (like  the  thyroid 
receptor  and  the  RXR)  does  not  seem  to  occur.  Neverthe¬ 
less,  heterodimerization  is  clearly  possible  between 
receptor  subtypes  (which  may  have  some  differences  in 
ligand-binding  specificity)  and  between  receptor  isoforms 
(which  often  have  distinctly  different  transcriptional 
activities).  Examples  of  subtypes  and  isoforms  that  het- 
erodimerize  are  glucocorticoid  receptor  a  and  p,  and 
progesterone  receptor  A  and  B  forms,  respectively. 
Receptor  dimerization  and  receptor  stability  are  impor¬ 
tant  points  for  pharmaceutical  regulation  of  transcription 
via  nuclear  receptors,  and  several  hormone  antagonists 
(some  antiestrogens  and  antiprogestins,  for  example) 
appear  to  act  at  this  level  [25-28]. 


Variations  also  occur  at  a  third  level,  the  interaction  of 
nuclear  receptors  with  the  DNA  response  elements. 
Although  the  response  elements  are  often  portrayed  as  con¬ 
sensus  sequences  —  inverted  or  direct  repeats  of  a  defined 
five-  to  six-nucleotide  sequence,  with  various  spacers 
between  the  repeats  —  the  response  elements  found  in 
responsive  genes  are  often  nonconsensus  in  sequence;  some 
are  half-sites  and  others  have  multiple  repeats.  Often  the 
response  elements  are  found  in  complex,  upstream- 
enhancer  regions,  clustered  together  or  even  overlapping 
with  response  elements  for  other  known  transcription 
factors,  which  may  synergize  or  compete  with  the  nuclear 
receptors.  Sequences  that  flank  the  core  response  elements 
can  also  affect  the  DNA  binding  of  these  receptors  (see,  for 
example,  [29]).  And  the  structure  of  the  DNA  response 
element,  since  it  affects  the  recognition  between  the  recep¬ 
tor  and  the  DNA,  may  also  affect  the  interaction  between 
the  receptor  and  the  ligand. 

Given  all  the  sources  of  variation  described  above,  espe¬ 
cially  the  fact  that  nuclear  receptors  may  interact  with  or 
compete  with  a  number  of  other  sequence-specific  trans¬ 
cription  factors,  it  is  not  surprising  that  the  response  to  a 
specific  hormone  depends  on  both  the  cell  in  which  it  is 
acting  and  the  gene  whose  activity  it  modulates  [16]. 

Nuclear  receptor  activation  without  direct  DNA  binding  or 
without  ligand  binding 

A  curious  but  major  deviation  from  the  classical  scheme 
for  nuclear  receptor  action  is  gene  activation  in  the 
absence  of  direct  DNA-binding  by  the  receptor.  In  this 
situation  the  promoter  for  a  gene  whose  activity  is  clearly 
regulated  by  a  nuclear  receptor  and  its  hormone  appears  to 
have  no  hormone-response  element  for  the  receptor,  and 
does  not,  in  fact,  require  direct  DNA  binding  by  the 
receptor.  The  hormone-receptor  complex  seems  to  func¬ 
tion  by  binding  to  DNA  indirectly  via  other  DNA-teth- 
ered  transcription  factors  (see,  for  example,  [30-32]),  thus 
acting  as  a  ligand-modulated  co-regulator,  rather  than  a 
ligand-modulated  transcription  factor  (Fig.  5). 


Figure  5 


Nuclear  receptor  gene  activation  can  occur  without  direct  DNA 
binding.  The  nuclear  receptor  is  tethered  to  DNA  by  a  protein-protein 
interaction  with  another  sequence-specific  transcription  factor,  such  as 
fos/jun  (API ).  In  such  a  case,  the  nuclear  receptor  has  the  role  of  a 
ligand-modulated  co-activator  of  transcription. 
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Figure  6 


Co-regulators  mediate  the  interaction 
between  the  nuciear  receptor  and 
components  of  the  transcription  complex. 
Unoccupied  or  antagonist-occupied 
receptors  can  recruit  co-repressors  (left); 
when  an  agonist  ligand  binds,  the 
ligand-receptor  complex  can  recruit  co- 
activators  (right). 
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Another  major  deviation  from  the  classical  scheme  for  acti¬ 
vation  of  genes  by  nuclear  receptors  is  ligand-independent 
gene  actuation.  In  certain  systems  there  appears  to  be  sig¬ 
nificant  crosstalk  between  signal-transduction  pathways 
that  activate  transcription.  The  result  is  that  growth  factors 
or  hormones  that  operate  through  receptor  tyrosine 
kinases  or  via  cAMP  or  other  second  messengers  can  acti¬ 
vate  nuclear  receptor  regulated  genes  in  a  manner  that 
requires  receptor  but  not  ligand  [19].  In  some  cases,  these 
alternative  pathways  may  synergize  with  the  normal  ligand- 
mediated  pathway  [33].  The  molecular  mechanism  for 
such  action  is  not  well  understood,  but  it  is  possible  that 
phosphor's  lation  of  specific  sites  on  the  nuclear  receptors 
may  enhance  the  transcriptional  activity  of  the  unliganded 
receptor  [19.34]. 

Modulation  of  gene  transcription 

Once  a  nuclear  receptor  is  bound  to  DNA,  what  happens 
next:  The  final  step  of  the  classical  pathway,  the  process 
by  which  these  receptors  modulate  the  rate  of  gene  trans¬ 
cription  (Fig.  6).  has  its  own  sources  of  regulatory  com¬ 
plexity.  First,  it  is  important  to  recognize  that  the  rate  at 
which  a  gene  is  transcribed  depends  both  on  the  local 
chromatin  architecture,  and  on  the  rate  at  which  an  active 
R\ A  polymerase  preinitiation  complex  can  be  assembled. 
The  nuciear  receptors  appear  to  affect  both  of  these 
processes,  both  directly  and  indirectly  via  "transcription 
intermediary  factors'  (TIFs)  [9,35,36],  although  their 
^ff^t-'t  on  chromatin  architecture  is  poorly  understood. 
There  is  evidence  that  D\A-bound  nuclear  receptors 
interact  directly  with  some  of  the  proteins  comprising  the 
basal  transcription  machinery,  such  as  TFIIB  or  TATA- 
binding  protein  associated  factors  (TAFs)  [37-39].  If  they 
suppress  or  stimulate  a  rate-limiting  step  in  the  assembly 
of  an  active  RNA  polymerase  II  preinitiation  complex,  this 
would  result  in  repression  or  activation  of  transcription.  In 


many  cases  the  relevant  interactions  between  nuclear 
receptors  and  basal  transcription  factors  appear  not  to  be 
direct,  however,  but  are  mediated  by  various  co-regulators. 

The  co-regulators  involved  in  nuclear-receptor  modula¬ 
tion  of  gene  transcription  are  diverse,  and  are  being  dis¬ 
covered  at  an  increasing  rate.  They  are  often  large 
multidomain  proteins,  with  some  homology  to  factors  that 
are  known  to  modulate  chromatin  structure;  some  have 
known  protein-interaction  domains,  or  have  the  ability  to 
interact  with  various  components  in  the  general  transcrip¬ 
tion  apparatus  [16].  Some  also  appear  to  Fit  nicely  into  the 
unliganded-repression/Iiganded-activation  paradigm,  in 
that  one  set  of  co-regulators  binds  to  the  unliganded 
thyroid  and  retinoid  receptors  to  repress  transcription 
[40,41],  whereas  another  set  binds  to  liganded  receptor  to 
enhance  transcription  [42-16].  In  the  case  of  the  steroid 
receptors,  the  co-regulators  appear  to  bind  to  either  the 
amino-terminal  or  carboxy-terminal  activation  domain  of 
the  receptors.  Some  co-regulators  interact  with  and  influ¬ 
ence  the  transcriptional  activity  of  many  steroid  hormone 
receptors  and  other  related  receptors,  such  as  RXR, 
whereas  other  co-regulators  show  a  more  restricted  range 
of  receptor  interaction. 

Structural  and  conformational  changes  on  ligand  binding 

As  the  interaction  between  the  co-regulators  and  the 
nuclear  receptor  is  regulated  by  ligand  binding,  it  is  plausi¬ 
ble  that  ligand  binding  elicits  a  conformational  change  in 
the  receptor  that  may  permit  co-activator  but  not  co-repres¬ 
sor  binding  in  the  presence  of  ligand  (or  co-repressor  but 
not  co-activator  binding  in  the  absence  of  ligand).  Muta¬ 
tional  mapping  studies  have  begun  to  identify  the  different 
regions  of  the  receptor  that  seem  to  be  responsible  for 
interaction  with  co-repressors  and  co-activators  [35,43,47]. 
Most  exciting  are  some  of  the  structural  features  rev  ealed 
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in  the  recent  X-rav  crystal  structures  of  three  different 
receptor  ligand-binding  domains  (domain  E)  (Fig.  ?)■ 
these  structures  provide  insight  into  the  conformational’ 
reorganization  that  occurs  upon  ligand  binding  [48-51], 

The  ligand-binding  domain  of  the  nuclear  receptors  is 
large,  larger  than  most  single  protein  domains,  with  a 
unique  antiparallel  ot-helix  triple  sandwich  topology 
(  ig.  7).  Approximately  half  of  the  domain  consists  of  a 
rigid,  tightly  packed  assembly  of  helices  that  appear  to  act 
as  a  fundament  or  fulcrum  for  the  action  of  the  remainder  of 
the  domain,  which  is  more  flexible  and  is  involved  in  ligand 
binding.  Although  the  three  structures  that  have  been 
described  so  tar  do  not  permit  a  direct  comparison  between 
the  conformations  of  a  single  receptor  in  the  liganded  and 
unliganded  state,  certain  general  features  have  emerged  that 
are  likely  to  hold  true  for  the  ligand-induced  conformational 
changes  of  all  of  the  members  of  the  superfamily. 

In  the  bound  state,  the  ligand  is  completely  engulfed  by  the 
flexible  portion  of  the  domain,  and  actually  forms  the 
hydrophobic  core  for  this  region  [49.50],  Six  segments  of 
secondary  structure,  arranged  roughly  as  the  six  sides  of  a 
box.  surround  the  ligand,  with  more  than  20  residues 
making  direct  contact  with  the  ligand  (Fig.  8).  In  the  lig¬ 
anded  state,  the  carboxy-terminal  portion  of  this  domain,  an 
amphipathic  helix,  termed  the  activation  function  2  activa¬ 
tion  domain  (AF2-AD),  interacts  with  the  ligand  and  is  posi¬ 
tioned  adjacent  to  two  other  helical  portions  of  the  receptor 
whose  specific  orientation  is  also  dependent  upon  contacts 
u-ith  the  hgand  (see  Fig.  7,  helix  12).  This  composite 
surface,  whose  integrity  appears  to  be  critically  dependent 
on  ligand  binding,  is  one  likely  site  for  co-activator  binding. 

By  contrast,  in  the  unbound  state,  the  flexible  portion  of 
the  ligand-binding  domain  lacks  its  hydrophobic  core. 


namely,  the  ligand.  In  the  one  published  structure  for  an 
unliganded  receptor  [48],  the  box-like  structure  of  the 
flexible  portion  of  domain  E  appears  to  have  collapsed, 
with  two  sides  tipping  inward  and  two  sides  tipping 
outward;  the  activation  helix  is  dislodged  from  its  position 
between  the  other  two  helices,  since  their  relative  position 
is  no  longer  supported  by  contacts  with  the  ligand  (see 
Fig.  8).  The  composite  surface  for  co-activator  binding  is 
thus  absent  or  at  least  substantially  modified  in  the  unli¬ 
ganded  state.  But  in  the  collapsed  state,  various  new  topo¬ 
graphical  features  have  developed,  providing  potential 
sites  for  co-repressor  binding. 

X-ray  crystallography  provides  static  pictures  of  protein 
structure.  It  is  thus  possible  that  the  flexible  ligand- 
binding  region  of  domain  E  in  the  unliganded  state  may 
be  rather  fluid,  perhaps  in  a  molten  globule-like  state. 
The  binding  of  heat  shock  proteins  (which  normally  bind 
only  to  unfolded  or  partially  folded  proteins)  and 
immunophthns  to  the  unliganded  steroid  receptors  and 
the  sensitivity  of  the  unliganded  receptor  to  proteolysis 
supports  this  view  [52],  Further  studies,  especially  ones 
in  which  a  direct  comparison  can  be  made  between  struc¬ 
tures  of  the  liganded  and  unliganded  state  of  the  same 
receptor,  will  be  needed  to  verify  the  generality  of  these 
conformational  transitions. 

Ligand  binding  affects  receptor  shape  —  thus,  receptor 
shape  reflects  hgand  shape.  As  co-repressor/co-activator 
binding  responds  to  alterations  in  receptor  shape,  the 
ligand  is  the  crucial  factor  in  recruiting  or  disbanding  these 
important  co-regulators.  The  view  that  ligand  shape  deter¬ 
mines  receptor  shape  and  thus  receptor  activity  can  also 
account  tor  the  spectrum  of  biological  activity'  —  from  pure 
agonists  to  partial  agonists/antagonists  to  pure  antagonists 
—  that  is  known  for  ligands  for  some  of  these  nuclear 
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Figure  8 


A  ‘box  model'  for  the  ligand-binding  domain 
of  a  nuclear  receptor.  When  an  agonist 
ligand  is  bound,  the  upper  box,  made  up  of 
mobile  segments  with  the  ligand  at  its  core, 
is  ‘filled';  in  this  conformation,  it  has  a 
structure  in  which  the  activation  domain  (helix 
1  2)  is  in  the  active  state,  where  it  can  interact 
with  co-activators,  activating  transcription. 
Without  ligand,  the  upper  box  is  empty  and  is 
‘crushed’,  so  that  two  sides  cave  inward  and 
two  sides  bulge  outward;  the  activation  helix 
is  displaced  from  the  active  state,  and  the 
empty  receptor  is  thus  either  inactive  or 
recruits  co-repressors  to  become  repressive. 
Antagonists  and  partial  agonists  fill  the  top 
box  in  a  different  manner,  such  that  the 
activation  helix  is  fully  or  partially  misonented 
from  the  activating  position.  The 
conformation  of  the  lower  box  is  not  affected 
by  ligand  binding.  (Note  that  this  schematic 
representation  of  the  ligand  binding  domain 
of  a  nuclear  receptor  is  shown  in  the 
orientation  opposite  to  that  of  the  thyroid 
hormone  receptor-T3  complex  shown  in 
Figure  7.  In  Figure  7,  the  ligand-binding  ‘box' 
is  at  the  bottom.) 


receptors,  such  as  estrogens  and  progestins.  Given  all  this, 
the  potential  for  pharmaceutical  modulation  of  the  trans¬ 
criptional  activity  of  nuclear  receptors  is  obvious  [15,16]. 

Pharmacological  issues,  however,  extend  beyond  the 
ligand-receptor  interaction.  The  biological  effect  that  a  par¬ 
ticular  ligand  will  have,  acting  via  a  given  receptor,  will  also 
depend  on  the  intracellular  context  (i.e.,  the  levels  of  the 
relevant  co-regulators  and  transcription  factors  with  which 
the  receptor  cooperates)  and  the  promoter  for  the  specific 
gene  being  regulated  (i.e.,  the  structure  of  the  hormone- 
response  element  and  whether  any  other  transcription 
factors  bind  to  nearby  sites).  This  ‘tripartite  receptor  phar¬ 
macology*,  comprising  ligands,  receptors,  and  cell  and 
promoter  specific  transcriptional  effectors,  offers  rich 
possibilities  for  developing  tissue-  and  response-specific 
pharmaceuticals  [16]. 

The  future 

There  is  much  more  to  learn.  The  details  of  the  ligand- 
induced  conformational  changes  within  one  receptor 
protein  are  yet  to  be  revealed,  and  we  do  not  yet  know 
how  all  the  different  domains  of  a  nuclear  receptor  interact 
with  each  other.  A  full  appreciation  of  the  molecular  inter¬ 
actions  involved  in  the  gene-regulating  action  of  the 
nuclear  receptors  will  require  reconstitution  of  multipro¬ 
tein  complexes  involving  the  intact  receptor  (as  a  homo-  or 
heterodimer)  interacting  with  a  complete  gene  regulatory7 
region,  together  with  other  associated  transcription  factors, 
co-regulator  proteins,  and  elements  of  the  general  trans¬ 
cription  apparatus.  Equally  important  will  be  biological 


studies  detailing  regulation  of  the  levels  and  activity  of 
receptors  and  their  co-regulators  as  a  function  of  physio¬ 
logical  and  developmental  state  in  different  hormonal 
target  cells  and  tissues.  Clearly,  the  major  and  perhaps  the 
most  exciting  challenges  still  lie  ahead. 
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To  understand  better  the  antiestrogen-resistant  phenotype  that  frequently  develops  in  breast  cancer 
patients  receiving  tamoxifen,  we  cultured  MCF-7  breast  cancer  cells  long-term  (>1  yr)  in  the  pre¬ 
sence  of  the  antiestrogen  *raws-hydroxytamoxifen  (TOT)  to  generate  a  subline  refractory  to  the 
growth-suppressive  effects  of  TOT.  This  subline  (designated  MCF/TOT)  showed  growth  stimulation, 
rather  than  inhibition,  with  TOT  and  diminished  growth  stimulation  with  estradiol  (E2),  yet 
remained  as  sensitive  as  the  parental  cells  to  growth  suppression  by  another  antiestrogen,  ICI 
164,384.  Estrogen  receptor  (ER)  levels  were  maintained  at  40%  of  that  in  parent  MCF-7  cells,  but 
MCF/TOT  cells  failed  to  show  an  increase  in  progesterone  receptor  content  in  response  to  E2  or 
TOT  treatment.  In  contrast,  the  MCF/TOT  subline  behaved  like  parental  cells  in  terms  of  E2  and 
TOT  regulation  of  ER  and  pS2  expression  and  transactivation  of  a  transiently  transfected  estrogen- 
responsive  gene  construct.  DNA  sequencing  of  the  hormone  binding  domain  of  the  ER  from  both 
MCF-7  and  MCF/TOT  cells  confirmed  the  presence  of  wild- type  ER  and  exon  5  and  exon  7  deletion 
splice  variants,  but  showed  no  point  mutations.  Compared  to  the  parental  cells,  the  MCF/TOT  sub¬ 
line  showed  reduced  sensitivity  to  the  growth-suppressive  effects  of  retinoic  acid  and  complete  re¬ 
sistance  to  exogenous  TGF-/J1.  The  altered  growth  responsiveness  of  MCF/TOT  cells  to  TOT  and 
TGF-/J1  was  partly  to  fully  reversible  following  TOT  withdrawal  for  16  weeks.  Our  findings  under¬ 
score  the  fact  that  antiestrogen  resistance  is  response-specific;  that  loss  of  growth  suppression  by 
TOT  appears  to  be  due  to  the  acquisition  of  weak  growth  stimulation;  and  that  resistance  to  TOT 
does  not  mean  global  resistance  to  other  more  pure  antiestrogens  such  as  ICI  164,384,  implying  that 
these  antiestrogens  must  act  by  somewhat  different  mechanisms.  The  association  of  reduced  reti¬ 
noic  acid  responsiveness  and  insensitivity  to  exogenous  TGF-/J  with  antiestrogen  growth  resistance 
in  these  cells  supports  the  increasing  evidence  for  interrelationships  among  cell  regulatory  pathways 
utilized  by  these  three  growth-suppressive  agents  in  breast  cancer  cells.  In  addition,  our  findings  in¬ 
dicate  that  one  mechanism  of  antiestrogen  resistance,  as  seen  in  MCF/TOT  cells,  may  involve 
alterations  in  growth  factor  and  other  hormonal  pathways  that  affect  the  ER  response  pathway. 
Copyright  ©  1996  Elsevier  Science  Ltd. 
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INTRODUCTION 

Tamoxifen  is  the  most  common  endocrine  therapy 
used  in  the  treatment  of  estrogen  receptor-positive 
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breast  cancer.  Unfortunately,  the  vast  majority  of 
tamoxifen-treated  breast  tumors  eventually  become 
refractory  to  the  beneficial  effects  of  this  antiestrogen. 
Characterization  of  tamoxifen-resistant  breast  tumors 
established  in  nude  mice  [1,  2]  and  in  culture  [3-6] 
has  shown  that  reductions  in  estrogen  receptor  (ER) 
content  or  changes  in  ER  binding  affinity  for  ligands 
are  not  necessarily  causative  factors  in  antiestrogen  re- 
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sistance.  Whereas  changes  in  ER-mediated  transcrip¬ 
tional  activity  may  confer  or  promote  antiestrogen  re¬ 
sistance,  it  is  also  possible  that  this  phenotype  may  be 
influenced  by  interactions  with  other  regulatory  path¬ 
ways.  There  is  an  emerging  body  of  evidence  that 
shows  cross-talk  of  the  ER  pathway  [7,  8]  with  pep¬ 
tide  growth  factors  and  with  other  nuclear  receptor 
ligands,  such  as  the  retinoids  [9-11]  suggesting  that 
these  may  be  involved  in  antiestrogen  resistance  and 
in  the  more  aggressive  behavior  often  associated  with 
antiestrogen-resistant  tumors. 

In  normal  and  neoplastic  epithelial  cells,  the  trans¬ 
forming  growth  factor- /?s  (TGF-/?s)  are  most  fre¬ 
quently  associated  with  growth  inhibition,  whereas  in 
a  number  of  cell  types,  such  as  fibroblasts,  the  TGF- 
/Js  are  growth  stimulatory  (for  review,  see  [12]).  The 
finding  that  tamoxifen  increases  TGF-/?  levels  in 
tumors  suggests  that  the  therapeutic  effect  of  tamoxi¬ 
fen  in  slowing  or  arresting  tumor  growth  may  be 
partly  attributable  to  the  growth-inhibitory  action  of 
the  TGF-/?s  [13].  It  has  been  demonstrated  that  es¬ 
trogens  suppress  and  antiestrogens  augment  TGF-/S 
expression  in  human  breast  cancer  cell  lines  in  culture 
[14,  15].  Interestingly,  a  number  of  advanced  stage 
tumors  and  cancer  cell  lines  exhibit  a  TGF-/?-resistant 
phenotype  (for  example,  [16]),  suggesting  that  the 
development  of  TGF-/?  resistance  may  abrogate  the 
beneficial  effects  of  tamoxifen  on  breast  cancer  cells. 

We  maintained  MCF-7  human  breast  cancer  cells 
in  tram- hydroxytamoxifen  (TOT)  for  more  than  1 
year  to  generate  an  in  vitro  model  for  the  study  of 
tamoxifen  resistance.  Herein,  we  report  on  the  pro¬ 
liferation  of  the  cells,  and  the  activity  of  the  estrogen 
receptor  and  its  responsiveness  to  estrogen  and  to  two 
different  classes  of  antiestrogens,  as  well  as  on  the 
effects  of  TGF-/?  and  retinoic  acid  on  this  subline. 
Our  findings  suggest  interrelationships  among  the 
pathways  utilized  by  antiestrogens,  TGF-/?  and  reti¬ 
noic  acid  in  the  regulation  of  these  breast  cancer  cells. 


MATERIALS  AND  METHODS 

Materials 

Radioinert  E2  and  R5020  (promegestone;  17,21- 
dimethyl-19-nor-pregna-4,9-diene-3,20-dione),  nutri¬ 
tional  supplements  for  growth  in  serum-free  con¬ 
ditions,  protease  inhibitors,  TPA  (12-0- 
tetradecanoylphorbol-  13-acetate),  MTT  (thiazolyl 
blue),  all-rram-retinoic  acid  and  sera  were  purchased 
from  Sigma  Chemical  Co.  (St  Louis,  MO).  Trans - 
hydroxytamoxifen  (TOT),  ICI  182,780  and  ICI 
164,384  (ICI)  were  generously  provided  by  Zeneca 
Pharmaceuticals  (Macclesfield,  U.K.).  Tissue  culture 
media  and  antibiotics  were  purchased  from  GIBCO 
(Grand  Island,  NY).  Tritiated  E2  (2,4,6,7-3H-N- 
estradiol)  and  3H-R5020  (17-alpha-methyl-3H-pro- 
megestone)  were  purchased  from  New  England 


Nuclear  Corp.  (Boston,  MA)  and 
methyl [3H]  thymidine  from  ICN,  Costa  Mesa,  CA. 

Cell  culture 

MCF-7  human  breast  cancer  cells  were  acquired 
from  the  Michigan  Cancer  Foundation;  cells  between 
passage  numbers  150  and  300  were  used  in  these  stu¬ 
dies.  Parent  MCF-7  cells  were  routinely  cultured  in 
phenol  red-containing  Eagle’s  minimal  essential  med¬ 
ium  (MEM)  supplemented  with  5%  heat-inactivated 
fetal  calf  serum  (FCS),  E2  (10-12  M),  4-(2-hydroxy- 
ethyl)- 1  -piperazineethanesulfonic  acid  buffer 

(lOmM),  insulin  (6  ng/ml),  penicillin  (100  units/ml), 
streptomycin  (100  jug/ml),  and  gentamicin  (50  pg/ml). 
To  generate  TOT-resistant  MCF-7  sublines,  cells 
were  maintained  in  the  above  media  without  sup¬ 
plemented  E2,  and  with  10-fold  increases  in  TOT 
concentration  (10-9  M-10“6  M)  every  4  weeks.  The 
cells  were  thereafter  routinely  maintained  with 
10“6  M  TOT.  Cells  were  subcultured  weekly  at  near 
confluence  using  1  mM  EDTA  prepared  in  Hank’s 
balanced  salt  solution  and  medium  was  replenished 
every  other  day.  To  generate  clonal-derived  sublines, 
96-well  plates  were  seeded  at  approximately  one  cell 
every  three  wells.  Two  weeks  after  seeding,  wells  con¬ 
taining  only  one  colony  were  identified.  Clonal-de¬ 
rived  sublines  were  maintained  and  sequentially 
transferred  to  24-well  plates,  then  six-well  plates  and 
T25  flasks. 

For  all  studies  involving  experimental  treatments, 
cells  were  grown  without  E2  for  1  week  or  without 
TOT  for  2  weeks  and  then  subsequently  in  5% 
CDFCS  IMEM  without  insulin  for  an  additional  5- 
10  days  prior  to  the  experiment,  in  order  to  deplete 
the  cells  of  E2  or  TOT  prior  to  the  onset  of  experi¬ 
ments. 

Cell  proliferation  studies 

To  determine  cell  number,  cells  were  seeded  at 
150,000  cells/T25  flask  in  triplicate  and  after  2  days 
day  0  flasks  were  counted  and  the  medium  was 
replaced  and  treatments  added.  Media  were  changed 
every  2  days  and  cells  in  logarithmic  phase  were  har¬ 
vested  on  day  6  and  counted  in  a  Coulter  particle 
counter  (Hialeah,  FL). 

Anchorage-independent  growth  was  determined  by 
a  colony-forming  assay.  In  brief,  six-well  plates  were 
coated  with  0.6%  agar  in  5%  CDFCS  IMEM  and 
allowed  to  cool.  Cell  suspensions  containing  10,000 
cells  were  passed  through  a  22-gauge  needle  and  then 
added  to  a  mixture  equilibrated  to  45°C  containing 
0.4%  agar,  5%  CDFCS  IMEM  and  treatments  and 
added  to  the  wells.  Plates  were  grown  for  2  weeks 
with  a  top  layer  of  media  which  was  replenished  every 
3  days.  Colony  size  (>60  p)  was  determined  micro¬ 
scopically  with  an  ocular  grid  (Wild  M40  microscope; 
Heerbrugg,  Switzerland). 
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In  some  studies,  cell  number  was  determined  by 
the  MTT  assay.  MTT  (thiazolyl  blue)  is  converted 
from  a  yellow-colored  salt  to  a  purple-colored  forma- 
zan  by  cleavage  of  the  tetrazolium  ring  by  mitochon¬ 
drial  dehydrogenases,  the  activity  of  which  is  linear 
with  cell  number.  Cells  were  seeded  at  2000-5000 
cells/well  in  96-well  plates  in  quadruplicate.  After 
treatment  as  indicated,  50  fil  of  2  mg/ml  MTT  was 
added  and  plates  were  incubated  at  37°C  for  4  h. 
Wells  were  drained  and  formazan  crystals  were  solu¬ 
bilized  in  150  fd  buffer  (20%  w/v  sodium  dodecyl 
sulfate  dissolved  in  50%  dimethylformamide/50% 
dH20  containing  2.5%  acetic  acid  and  2.5%  of  IN 
HC1  with  a  final  pH  of  4.7  [17].  Absorbance  at 
570  nm  was  determined  on  a  plate  reader. 

For  [3H]  thymidine  incorporation  studies,  cells  were 
seeded  at  2000  cells/well  in  24-well  dishes.  Two  or  3 
days  later  the  wells  were  washed  in  serum-free  media 
for  2  h  and  then  treated  in  serum-supplemented  or  in 
serum- free  IMEM  with  1  fig/ml  fibronectin,  2  fig/ ml 
transferrin  and  1:100  dilution  of  trace  elements.  After 
3  or  4  days,  the  cells  were  incubated  with  0.5  fid 
methyl [3H] thymidine  at  37°C  for  2  h.  Plates  were 
sequentially  washed  and  fixed  with  ice-cold  PBS,  10% 
TCA  (2x),  MeOH,  and  then  incorporated  label  was 
recovered  by  incubation  of  the  wells  in  0.5  N  NaOH 
for  30  min  at  37°C.  Lysates  were  transferred  to  vials 
containing  ScintiVerse™  cocktail  (Fisher  Scientific, 
Pittsburgh,  PA)  and  [3H]  thymidine  was  determined 
in  a  scintillation  counter. 

Whole  cell  binding  assays 

Whole  cell  ER  and  progesterone  receptor  (PgR) 
binding  assays  were  done  as  previously  described 
[18].  Cells  were  incubated  with  lOnM  [3H]E2  or 
[3H]R5020  in  the  absence  or  presence  of  a  100-fold 
excess  of  unlabelled  ligand,  and  for  PgR  studies,  with 
3.75  ng/ml  hydrocortisone.  After  incubating  at  37°C 
for  40  min,  cells  were  washed  three  times  with  1  % 
Tween-80  in  phosphate-buffered  saline  and  bound 
radiolabelled  ligand  was  extracted  with  ethanol  and 
counted  in  a  scintillation  counter. 

Western  blot  analysis 

Subconfluent  cell  layers  were  pelleted  and  resus¬ 
pended  in  50  mM  Tris  (pH  7.4),  7.5  mM  EDTA, 
0.6  M  NaCl,  10%  glycerol  in  the  presence  of  protein¬ 
ase  inhibitors  (leupeptin,  pepstatin  A,  phenylmethyl- 
sulfonylfluoride)  and  homogenized  on  ice.  Samples 
were  centrifuged  for  25  min  at  46  K  and  the  protein 
content  in  the  supernatants  determined  in  a  BCA 
assay  (Pierce  Chemical  Co.,  Rockford,  IL).  Samples 
(150  fig)  were  boiled  for  5  min  in  loading  buffer,  sep¬ 
arated  on  a  SDS  polyacrylamide  stacking  gel  and 
transferred  to  nitrocellulose.  Blots  were  incubated 
with  estrogen  receptor-specific  antibodies  H222  (exon 
7  epitope)  or  with  H226  (exon  1,2  epitope)  in  combi¬ 
nation  with  D547  (exon  4  epitope),  then  a  bridging 


rabbit  anti-rat  IgG,  and  finally  with  [12:> I] protein  A, 
and  then  exposed  to  film  [19]. 

TGF-fi  protein  determinations 

Subconfluent  cell  layers  were  washed  three  times 
for  1  h  in  serum-free  media  and  then  incubated  in 
serum-free  media  supplemented  with  2  fig/ml  transfer¬ 
rin,  1  fig! ml  fibronectin  and  1:100  trace  elements. 
After  48  h,  BSA  was  added  to  the  conditioned  media 
to  a  final  concentration  of  0.5  mg/ml  and  the  samples 
were  snap  frozen  and  later  tested  for  the  ability  to 
inhibit  [3H]  thymidine  incorporation  by  MV  1  Lu 
mink  lung  epithelial  cells.  Latent  and  total  TGF-/? 
bioactivity  was  kindly  determined  by  Anita  Roberts 
and  Nan  Roche  of  NCI,  Bethesda,  MD  as  described 
[20]. 

Transient  transfections  and  assays  for  reporter  activity 

To  measure  responsiveness  to  E2,  a  construct  con¬ 
taining  the  consensus  estrogen  response  element 
linked  to  a  thymidine  kinase  promoter  and  the  CAT 
gene  (ERE-tk-CAT)  was  cotransfected  into  cells 
along  with  the  internal  control  plasmid,  CMV-/?-gal, 
exactly  as  described  [20]  and  cell  extracts  were 
assayed  for  CAT  activity.  Fold  inductions  within  each 
assay  were  normalized  against  jS-galactosidase  activity 
as  described  [20] . 

Isolation  of  RN A 

Isolation  of  total  RNA  from  near  confluent  cell 
monolayers  was  performed  using  guanidinium  thio¬ 
cyanate-phenol-chloroform  extraction  with  some 
modifications  as  described  [20] . 

Northern  blot  analysis 

For  studies  involving  the  induction  of  pS2  mRNA, 
cells  were  pretreated  in  5%  CDFCS  IMEM  as 
described  in  the  Materials  and  methods  section  and 
treated  with  the  ligands  indicated  for  12  h.  Twenty 
micrograms  total  RNA  were  separated  by  electrophor¬ 
esis,  transferred  to  a  nylon  support  and  hybridized 
with  random  primer  labelled  fragments  of  human  pS2 
cDNA  [21].  Sizes  of  bands  were  confirmed  by  com¬ 
parison  to  a  0.24-9.5  kb  RNA  ladder  (GIBCO  BRL, 
Grand  Island,  NY). 

Ribonuclease  protection  assays 

Ten  to  30  fig  of  RNA  was  co-precipitated  with  in 
vitro  transcribed,  gel  purified  cRNA  labelled  with 
phosphorus-32  and  resuspended  in  80%  formamide/ 
0.1  M  Na  citrate  (pH  6.4)/0.3  M  NaOAc  (pH  6.4)/ 1 
mM  EDTA.  Samples  were  heated  to  85°C  for  5  min 
and  hybridized  overnight  at  45°C.  Unhybridized  total 
RNA  and  probe  was  digested  in  a  final  concentration 
of  5  units/ml  RNase  A  and  1000  units/ml  RNase  T1 
for  30  min  at  37°C.  The  sizes  of  protected  fragments 
were  confirmed  by  comparison  to  a  lane  loaded  with 
a  0.16-1.77  kb  RNA  ladder  (GIBCO).  The  probes 


124 


M.  E.  Herman  and  B.  S.  Katzenellenbogen 


used  were  a  240  bp  Mbo  II  segment  of  TGF-^1 
cDNA,  a  Hpa  1  segment  of  TGF-/?2/sp72  cDNA, 
and  a  125  bp  Nde  1  segment  of  TGF-/?3  cDNA  as 
described  previously  [20].  The  probes  for  TGF-/? 
Type  I  and  II  receptors  were  a  300  bp  unprotected 
Hinc  II  fragment  (220  bp  protected  fragment)  and  a 
360  bp  unprotected  Xho  I  fragment  (260  bp  protected 
fragment),  respectively,  kindly  provided  by  Dr  M. 
Brattain.  A  125  bp  fragment  of  human  /?- actin 
(Ambion  Inc.,  Austin,  TX)  was  used  as  an  internal 
control.  The  relative  intensity  of  the  bands  was  quan¬ 
titated  on  an  UltraScan  XL  densitometer  using 
GelScan  XL  evaluation  software. 

[l  25 1]  T GF-ft  1  binding  assay 

Cells  at  75-90%  confluency  in  24-well  plates  were 
washed  three  times  over  1  h  with  serum-free  media 
supplemented  with  0.1%  BSA  and  incubated  with 
10_loM  [12:T]TGF-/?1  with  or  without  a  100-fold 
excess  of  cold  TGF-/J1  for  45  min.  Cells  were  then 
washed  four  times  with  0.1%  BSA  in  ice-cold  HBSS 
and  solubilized  with  1%  Triton  X-100/20mM 
HEPES,  pH  7.4/10%  glycerol/0.0 1%  BSA  for  15  min 
at  37°C.  Solubilized  fractions  were  counted  in  a 
gamma  counter  [20]. 

RT-PCR  amplification,  cloning  and  sequence  analysis 

Samples  of  RNA,  isolated  from  parental  MCF-7 
and  MCF/TOT  cells  as  described  above,  were  reverse 
transcribed  by  AMV  reverse  transcriptase  (Promega 
Corp.,  Madison,  WI)  and  amplified  using  sense  and 


antisense  primers  specific  for  sequences  flanking  the 
hormone  binding  domain  of  the  estrogen  receptor 
(forward  primer  corresponding  to  estrogen  receptor 
cDNA  nucleotides  1036-1052,  and  reverse  primer 
corresponding  to  nucleotides  1946-1967,  respect¬ 
ively)  using  a  PTC- 100  programmable  thermal  con¬ 
troller  (MJ  Research  Inc.,  Watertown,  MA).  Products 
were  separated  and  purified  from  agarose  gel  electro¬ 
phoresis  and  sequenced  directly  (Sequenase  version 
2.0;  U.S.  Biochemical  Corp.,  Cleveland,  OH), 
according  to  Newton  et  al  [22].  Sequencing  reactions 
were  analysed  on  6%  denaturing  polyacrylamide  gels. 
Sequences  were  compared  to  that  reported  for  the 
human  estrogen  receptor  in  the  Genetic  Sequence 
Data  Bank  (EMBIVGenBank). 


RESULTS 

Growth  responsiveness  of  parent  MCF-7  and  MCFITOT 
cells  to  estrogen  and  antiestrogens 

To  generate  TOT-resistant  MCF-7  sublines,  cells 
were  cultured  with  10-fold  increases  in  TOT  concen¬ 
tration  (10“9  M-10~6  M)  every  4  weeks,  as  described 
in  Materials  and  methods.  The  cells  were  thereafter 
routinely  maintained  with  10-6M  TOT  in  their  cul¬ 
ture  medium.  Under  this  regimen,  dramatically 
slowed  growth  rates  were  observed  for  approximately 
30  weeks  from  initial  TOT  exposure,  after  which  time 
cell  growth  rates  progressively  increased.  The  exper¬ 
iments  described  herein  were  conducted  between  60 
and  140  weeks  of  maintenance  on  TOT,  during 
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Fig.  1.  Anchorage-dependent  growth  responsiveness  of  parent  MCF-7  and  MCF/TOT  cells  to  estrogen  and 
antiestrogens.  Cell  number  in  triplicate  T25  flasks  was  determined  on  day  6  of  treatment  with  the  indicated 
compounds.  Treatments  were  with  10-9  M  E2,  10-7  M  TOT,  and  3  x  10“7  M  ICI  164,384  alone  or  together. 
Values  are  expressed  as  percentage  of  cell  number  in  ethanol-treated  control  flasks.  Cells  were  depleted  of 
steroids  and  TOT  for  3  weeks  prior  to  the  onset  of  the  experiment  as  described  in  Materials  and  methods.  The 
basal  growth  rates  of  the  MCF-7  and  MCF/TOT  sublines  were  3.95  ±0.01  and  3.34  +  0.07  days/population 
doubling,  respectively.  Data  represent  mean  ±  SEM  (n  =  3). 
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which  time  population  doubling  rates  were  compar¬ 
able  in  the  parent  MCF-7  and  MCF/TOT  cells 
(1.3  ±0.1  and  1.6  ±0.1  days,  respectively).  To  deter¬ 
mine  the  proliferative  effects  of  estrogen  and  anti¬ 
estrogens  on  parent  MCF-7  and  MCF/TOT  cells, 
growth  rates  were  slowed  to  approximately  3-4 
days/population  doubling  by  transfer  from  steroid- 
and/or  TOT-  and  phenol  red-containing  media  to 
media  lacking  phenol  red  [23]  and  TOT  and  depleted 
of  steroids  by  chare oal-dextran  treatment  of  the 
serum.  Parent  MCF-7  cells  exhibited  dramatic 
increases  in  cell  proliferation  rate  in  response  to  treat¬ 
ment  with  1(T9M  E2  (1535  ±374%  of  control; 
Fig.  1).  Treatment  with  the  pure  antiestrogen,  ICI 
164,384  (ICI),  partly  reversed  estrogen-stimulated 
growth  (432  ±163%)  and  was  growth  suppressive 
when  administered  alone  (44  ±  10%).  Similar  results 
were  found  when  a  structurally  related  pure  antiestro¬ 
gen,  ICI  182,780,  was  used  (data  not  shown). 
Treatment  with  the  antiestrogen  TOT  reduced  the 
growth  of  the  parent  MCF-7  cells  (61  ±9%  of  con¬ 
trol)  and  also  very  effectively  suppressed  the  prolifer¬ 
ation  of  these  cells  stimulated  by  E2. 

MCF/TOT  cells  were  growth  stimulated  by  1CT9  M 
E2  (387  ±  54%;  Fig.  1),  but  this  response  was  modest 
compared  to  the  dramatic  effect  of  estrogen  stimu¬ 
lation  on  the  parent  MCF-7  cells.  Interestingly,  we 
found  that  the  effect  of  treatment  with  TOT  shifted 
from  growth  suppression,  as  observed  in  the  parent 
MCF-7  cells,  to  growth  stimulation  in  the  MCF/TOT 
subline  (247  ±59%).  These  results  suggest  that 
MCF/TOT  cells  were  not  refractory  to  TOT,  but 
instead  interpreted  this  ligand  as  an  agonist. 
Treatment  with  the  pure  antiestrogen,  ICI  164,384, 
reduced  the  growth  of  MCF/TOT  cells  slightly 
(68  ±  17%),  and  partly  reversed  E2-stimulated  growth 
(242  ±  32%),  as  did  ICI  182,780  (data  not  shown). 
This  indicates  that  MCF/TOT  cells  were  not  cross-re¬ 
sistant  to  pure  antagonists  of  the  estrogen  receptor. 

We  were  also  interested  in  determining  whether  the 
altered  phenotype  of  the  MCF/TOT  subline  was 
homogeneous  or  heterogeneous  within  the  cell  popu¬ 
lation.  Clonal  lines  were  found  to  exhibit  a  growth 
phenotype  similar  to  that  of  the  MCF/TOT  whole 
cell  population  (Fig.  1). 

MCF/TOT  cells  showed  responses  to  estrogen  and 
antiestrogen  in  anchorage-independent  colony  for¬ 
mation  assays  (Fig.  2)  similar  to  those  observed  in  the 
anchorage-dependent  cell  proliferation  assays  of  Fig.  1 . 
MCF/TOT  cells  grown  in  soft  agar  were  E2  stimu¬ 
lated  in  terms  of  colony  formation,  although  to  a  les¬ 
ser  extent  than  the  parent  MCF-7  cells  (Fig.  2),  and 
MCF/TOT  cells  were  also  growth  stimulated  by  TOT 
and  growth  inhibited  by  ICI  164,384.  In  contrast, 
parental  MCF-7  cells  were  inhibited  by  both  TOT 
and  ICI  164,384.  Interestingly,  ICI  164,384  reversed 
the  growth  stimulation  observed  in  MCF/TOT  cells 
in  response  to  treatment  with  TOT. 


10'9ME2  -  +  -  +  -  +  -  -  +  -  +  -  +  - 

10'®  M  TOT  —  —  +  -f  —  —  +  —  —  +  +  “  —  + 

2  x  10-®  M  IC1 164,384  - +  +  +  - +  +  + 

Fig.  2.  Anchorage-independent  growth  responsiveness  of 
parent  MCF-7  and  MCF/TOT  cells  to  estrogen  and  antiestro¬ 
gens.  Parent  MCF-7  and  MCF/TOT  cells  were  seeded  at 
10,000  cells/well  in  six-well  plates  in  a  top  layer  of  0.4%  agar, 
5%  CDFCS  IMEM  and  treatments  and  over  a  solidified  bot¬ 
tom  layer  of  0.6%  agar  in  5%  CDFCS  IMEM.  Colonies  larger 
than  60  fi  were  counted  microscopically  with  an  ocular  grid 
on  day  14  of  treatment.  Colony  number  from  ethanol- treated 
control  wells  was  not  dramatically  different  between  the 
MCF-7  and  MCF/TOT  sublines  (838  ±  45  and  951  ±  126  colo¬ 
nies/well,  respectively),  nor  from  two  separate  clonal-derived 
sublines  of  MCF/TOT  cells  (1014  ±  430  colonies/well;  data  not 
shown).  Values  are  expressed  as  percentage  of  colony 
number  ±  SEM  of  ethanol-treated  control  wells  from  three 
separate  experiments;  *value  significantly  different  from  the 
control  treatment  at  P<  0.05  by  Student’s  t-test. 

Assessment  of  antiestrogen  antagonism  of  estrogen-stimu¬ 
lated  growth  and  pS2  mRNA  expression 

Treatment  with  TOT  abolished  E2-stimulated 
growth  in  parent  MCF-7  cells  in  a  dose-dependent 
manner  (Fig.  3,  panel  A).  Fifty  per  cent  suppression 
was  achieved  with  ca.  1  x  10“9  M  TOT,  and  the  high¬ 
est  concentration  of  TOT  tested  (2xlO~6M)  gave 
nearly  complete  suppression  of  E2-stimulated  growth 
in  parental  MCF-7  cells.  MCF/TOT  cells  were  much 
less  sensitive  to  suppression  of  E2-stimulated  growth 
by  TOT  (Fig.  3,  panel  A).  No  suppression  of  E2- 
stimulated  growth  was  seen  until  concentrations  of 
TOT  greater  than  2x  10_9M  were  used,  and  50% 
suppression  required  a  concentration  of  TOT  ap¬ 
proximately  1000  times  greater  than  that  required  by 
the  parental  MCF-7  cells  (i.e.,  10“6M).  In  contrast, 
the  pure  antiestrogen,  ICI  164,384,  showed  similar 
dose-response  curves  for  inhibition  of  E2-stimulated 
growth  in  MCF-7  and  MCF/TOT  cells  (Fig.  3,  panel 
B). 

Induction  of  pS2  mRNA,  an  early  primary  response 
to  estrogen  in  MCF-7  cells  [24],  was  used  as  an  ad¬ 
ditional  end-point  to  compare  the  ability  of  TOT  to 
moderate  E2-stimulated  responses  in  MCF/TOT  vs. 
parental  MCF-7  cells.  Interestingly,  unlike  prolifer¬ 
ation,  the  dose  response  for  TOT  reversal  of  E2- 
stimulated  pS2  mRNA  was  similar  in  parent  MCF-7 
and  MCF/TOT  cells  (Fig.  4).  Also  as  shown  in  Fig.  4 
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TOT  (M)  +  1  nM  E2  ICI 164,384  (M)  + 1  nM  E2 


Fis.  3.  Antiestrogen  antagonism  of  E2-stimulated  growth.  MCF-7  and  MCF/TOT  cells  were  seeded  in  quadru¬ 
plicate  at  2000  ceUs/weU  in  96-well  plates  and  cotreated  with  10  9  M  E2  and  the  indicated  concentrations  of 
TOT  or  ICI  164,384.  Treatments  were  replenished  on  day  3  and  cell  number  was  determined  by  the  Ml  1 
assay  on  day  6.  E2-stimulated  growth  was  953  ±50%  and  372  ±14%  of  untreated,  control  cells  in  the  parent 
MCF-7  and  MCF/TOT  cells,  respectively.  Values  are  expressed  as  percentage  of  absorbance  m  Entreated 

wells  (n  =  4;  mean  ±  SEM). 


TOT  Concentration  (M) 

Fig.  4.  Antagonism  of  E2-stimulated  pS2  mRNA  expression  by  TOT.  pS2  mRNA  expression  was  analysed  by 
Northern  blot  analysis  of  20  m  of  total  RNA.  Near  confluent  cell  monolayers  were  treated  with  the  hgands  indi¬ 
cated  for  12  h.  Inset,  autoradiogram  of  pS2  mRNA  induction;  lane  1,  vehicle  alone  control;  lane  2,  10  M  fc2; 

lane  3,  10"*  M  TOT. 
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(inset),  pS2  was  markedly  stimulated  by  E2,  but 
showed  no  stimulation  by  TOT  in  either  cell  line. 
Therefore,  TOT  is  not  universally  seen  as  an  estrogen 
agonist  for  all  responses  in  the  MCF/TOT  cells. 

Additional  markers  of  estrogen  and  antiestrogen  respon¬ 
siveness:  regulation  of  progesterone  receptor  (PgR)  and 
transactivation  of  an  estrogen-responsive  gene  construct 

Expression  of  PgR  is  known  to  be  under  tight  estro¬ 
gen  regulation.  In  parent  MCF-7  cells,  treatment  with 
1CT10M  E2  resulted  in  a  four-fold  increase  in  PgR 
content  (Table  1A).  In  contrast,  treatment  of  MCF/ 
TOT  cells  with  E2  had  no  significant  effect  on  PgR 
level  (26.8  +  2.2  vs.  15.3  ±  5.2,  respectively, 
P>  0.05).  This  was  despite  the  presence  of  significant 
levels  of  ER  in  MCF/TOT  cells,  about  half  that  pre¬ 
sent  in  the  parent  cell  line  (Fig.  5).  A  weak  agonist 
effect  of  TOT  was  observed  in  parent  MCF-7  cells  in 
terms  of  PgR  induction,  but  interestingly,  TOT,  like 


Table  1.  Markers  of  estrogen  and  antiestrogen  responsiveness: 
regulation  of  progesterone  receptor  and  transactivation  of  an 
estrogen-responsive  gene  construct 


A 

fmol  3H-R5020  bound/106  cells 

Parent  MCF-7 

MCF/TOT 

Control  vehicle 

9.1  +3.3 

15.3  +  5.2 

10'1oME2 

43.4  +  3.2* 

26.8  +  2.2 

10“6  M  TOT 

26.8  +  5.2* 

7.8 +  2.2 

B 

Fold  change  in  ERE-tk-CAT  activity 

Parent  MCF-7 

MCF/TOT 

Control  vehicle 

1.0  ±0.2 

1.0  ±0.3 

10“9  M  E2 

11.5  ±  2.1* 

8.2  ±  1.0* 

10“6  M  TOT 

2.1  +0.5 

0.8  ±  1.0 

E2  +  TOT 

3.1  ±0.5* 

2.3  ±  1.0 

E2  +  ICI  164,384 

0.5  ±0.7 

0.9  ±0.7 

A,  Basal  and  stimulated  progesterone  receptor  content  was 
determined  by  binding  of  the  progestin,  [3H]R5020,  by 
whole  cell  hormone  binding  assay  after  4  days  treatment 
with  ethanol  vehicle  control,  10-10  M  E2  or  10”6M 
TOT.  Values  are  the  mean  ±  SEM  of  triplicate  flasks 
from  two  experiments  (*value  significantly  different  from 
the  control  vehicle  treated  cells  at  P<  0.05  by  Student’s 
r-test).  B,  Transactivation  of  ERE-tk-CAT,  a  reporter 
plasmid  containing  a  consensus  estrogen  response  el¬ 
ement  linked  to  the  Herpes  simplex  virus  thymidine 
kinase  promoter  and  the  CAT  reporter  gene.  ERE-tk- 
CAT  (3  pg)  was  transiently  cotransfected  along  with  an 
internal  control  plasmid  containing  the  lac-Z  gene,  and 
cells  were  treated  with  the  ligands  indicated  for  24  h. 
The  calculated  fold  increase  in  the  CAT  activity  of  each 
group  was  normalized  for  the  /?-galactosidase  activity. 
Values  are  expressed  as  the  mean  ±  SEM  of  at  least  three 
experiments  (*value  significandy  different  from  the  con¬ 
trol  vehicle  treated  cells  at  P<  0.05  by  Student’s  r-test). 


E2,  had  no  significant  effect  on  PgR  in  the  MCF/ 
TOT  subline  (7.8  ±  2.2  vs.  15.3  ±  5.2  fmol  3H-R5020 
bound/106  cells,  respectively,  P>  0.05).  Both  prolifer¬ 
ation  and  PgR  induction  thus  demonstrated  altered 
regulation  by  E2  and  antiestrogen  in  MCF/TOT  cells. 

We  also  examined  E2  and  antiestrogen  responsive¬ 
ness  using  another  end-point,  namely  a  transiently 
transfected  estrogen-responsive  gene  construct  con¬ 
taining  a  consensus  estrogen  response  element  (ERE) 
linked  to  a  thymidine  kinase  (tk)  promoter  and  the 
chloramphenicol  acetyltransferase  (CAT)  gene  (ERE- 
tk-CAT).  In  contrast  to  the  loss  of  estrogen  respon¬ 
siveness  of  PgR  in  MCF/TOT  cells,  the  transfected 
estrogen-responsive  gene  behaved  similarly  in  parent 
MCF-7  and  in  MCF/TOT  cells  in  terms  of  respon¬ 
siveness  to  estrogen  and  antiestrogens.  We  observed 
comparable  fold  inductions  of  ERE-tk-CAT  activity 
with  10-9M  E2  in  parent  MCF-7  and  MCF/TOT 
cells  (Table  IB).  TOT  treatment  did  not  significantly 
increase  CAT  activity  in  either  subline,  but  it  did  sub¬ 
stantially  reverse  the  E2-stimulated  CAT  activity.  The 
response  of  ERE-tk-CAT  was  thus  similar  to  that  for 
induction  of  pS2  mRNA  by  estrogen  and  antiestrogen 
in  that  responses  to  these  ligands  were  not  altered  in 
the  MCF/TOT  subline  as  compared  to  the  parent 
MCF-7  cells. 

Estrogen  receptor  content  and  regulation  in  MCF-7  and 
MCF/TOT  cells 

Estrogen  receptor  (ER)  content  was  determined  by 
whole  cell  binding  assay  and  Western  blot  analysis. 
Parent  MCF-7  cells  contained  59.2 +  4.6  fmol  ER/ 
106  cells  (Fig.  5)  and  this  level  was  stable  throughout 
the  time  period  of  these  experiments  (data  not 
shown).  The  MCF/TOT  subline  contained  reduced 
levels  of  ER  (28.7  ±  2.4  fmol  ER/106  cells)  at  50 
weeks  of  maintenance  in  TOT  (Fig.  5).  This  level  of 
ER  was  maintained  at  75  and  125  weeks  of  culture  in 
TOT  (34.1  +  1.1  and  30.5  ±  1.3  fmol  ER/106  cells, 
respectively).  A  comparable  decrease  in  ER  protein 
level  in  MCF/TOT  cells  was  also  observed  when  ana¬ 
lysed  by  Western  blot  analysis  (37  +  6%  of  parental 
level;  Fig.  5). 

We  also  used  Western  blot  analyses  to  assess  the 
ability  of  several  agents  to  modulate  the  level  of  the 
ER  protein.  In  both  the  parent  MCF-7  cells  and 
MCF/TOT  cells,  treatment  with  E2  resulted  in  a 
marked  (ca.  60%)  decrease  in  ER  protein  level, 
whereas  TOT  treatment  did  not  affect  ER  protein 
level  or  increased  it  slightly,  and  cotreatment  of  either 
subline  with  TOT  prevented  the  decrease  in  ER  pro¬ 
tein  content  induced  by  treatment  with  E2  alone 
(Fig.  5).  Similar  to  E2,  treatment  with  retinoic  acid 
(10~6M)  markedly  decreased  the  ER  level  in  both 
MCF-7  and  MCF/TOT  cells,  and  cotreatment  with 
TOT  prevented  the  reduction  in  ER  seen  in  response 
to  E2  or  retinoic  acid  treatment.  ER  level  thus  showed 
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Parent  MCF-7  MCF/TOT 


Fmol  3HE2  Bound/106  Cells 


59.7  +  4.6 


28.7  ±2.4 


Relative  ER  Immunoreactivity:  1 00  ±  4% 

Basal  ER  Content 


37  ±  6% 


66  kD 


1CT9  M  E2 

10‘6MTOT 

1 0"6  M  Retinoic  acid 
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Fig.  5.  Estrogen  receptor  (ER)  content  and  effects  of  E2,  TOT  and  retinoic  acid  on  ER  levels  in  parent  MCF-7 
and  MCF/TOT  cells.  Estrogen  receptor  content  was  determined  by  whole-cell  hormone  binding  assay  and 
Western  blot  analysis.  For  the  whole-cell  binding  assay,  cells  in  T25  flasks  were  incubated  with  10  nM  [3H]E2 
in  the  absence  or  presence  of  a  100-fold  excess  of  unlabelled  ligand  at  37°C  for  40  min  (n  =  3;  mean  ±  SEM). 
To  measure  immunoreactive  ER,  fractionated  cellular  protein  was  isolated  from  subconfluent  T75  flasks 
treated  with  the  indicated  ligands  for  24  h,  as  described  in  Materials  and  methods.  ER  protein  was  detected  by 
binding  of  the  ER-specific  monoclonal  antibodies  H226  and  D547.  Detection  of  ER  with  the  ER-specific  anti¬ 
body,  H222  (with  an  exon  7  epitope),  gave  the  same  relative  levels  for  the  66  kDa  ER  protein. 


the  same  regulation  by  E2,  TOT  and  retinoic  acid  in 
parental  MCF-7  and  MCF/TOT  cells. 

Reversibility  of  the  TOT  growth-stimulated  phenotype  of 
MCFITOT  cells 

To  test  whether  the  altered  growth  phenotype  of 
the  MCF/TOT  cells  was  reversible,  we  removed  TOT 
from  the  growth  medium  for  a  period  of  16  weeks 
(Fig.  6,  panel  C)  and  compared  growth  response  with 
that  of  the  parent  MCF-7  (Fig.  6,  panel  A)  and 
MCF/TOT  cells  (Fig.  6,  panel  B).  As  a  modification, 
we  also  generated  another  TOT-withdrawn  subline 
which  received  high  levels  of  E2  (10_8M)  simul¬ 
taneously  with  the  TOT  withdrawal  for  16  weeks 
(Fig.  6,  panel  D).  Interestingly,  whereas  the  TOT- 
withdrawn  subline  was  no  longer  growth  stimulated 
by  TOT,  it  did  not  revert  to  the  TOT  growth-inhi¬ 
bited  phenotype  of  the  parent  MCF-7  cells  (Fig.  6, 
panel  A).  Rather,  this  subline  was  refractory  to  the 
effects  of  10“6  M  TOT  (Fig.  6,  panel  C;  104  +  3%  of 
control  values).  Similar  results  were  obtained  with  the 
TOT-withdrawn,  E2-supplemented  subline 

(111+9%  of  control  values).  The  TOT-withdrawn 
subline  also  exhibited  a  partial  return  to  the  relatively 
high  ER  levels  of  the  parent  MCF-7  cells  (46.4  +  0.3 
vs.  59.2  +  4.6  fmol  ER/106  cells,  respectively)  at  16 
weeks  of  TOT  deprivation.  At  24  weeks  of  TOT 


MCF/TOT  MCF/TOT 

MCF-7  MCF/TOT  TOT- Withdrawn  WS? 

16  wK  16  wk 


Fig.  6.  Reversibility  of  the  TOT  growth-stimulated  phenotype 
of  the  MCF/TOT  cells.  MCF/TOT  cells  were  cultured  in  the 
absence  of  TOT  with  or  without  supplementation  with  10  8  M 
E2  for  16  weeks  (panels  C  and  D)  and  growth  responses  were 
compared  with  those  of  the  parental  MCF-7  (panel  A)  and 
MCF/TOT  cells  (panel  B).  Growth  responsiveness  to  E2, 
TOT  and  ICI  164,384,  alone  or  in  combination,  was  deter¬ 
mined  by  MTT  assay  from  quadruplicate  wells.  Closed  circle, 
E2;  closed  triangle,  TOT;  closed  square,  ICI  164,384;  open 
circle,  10“9  M  E2  +  10-6  M  TOT;  open  triangle,  10“9  M 
E2  +  2  x  10-6  M  ICI  164,384;  open  square,  10-6  M 
TOT  +  2  x  10-6  M  ICI  164,384.  Values  are  expressed  as  per¬ 
centages  of  vehicle- treated  control  wells.  Standard  errors 
were  less  than  10%  and  are  not  shown.  Estrogen  receptor 
content  was  determined  by  whole-cell  hormone  binding  assay 
(n  =  3;  mean  ±  SEM). 
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deprivation,  there  was  no  change  in  the  proliferative 
profile  of  the  sublines  compared  to  the  16  week 
TOT- withdrawn  cells;  both  were  moderately  growth 
stimulated  by  E2,  growth  inhibited  by  ICI  164,384 
and  refractory  to  TOT  (data  not  shown). 


Estrogen  receptor  sequence  analysis 

To  assess  if  alterations  in  ligand  response  in  the 
MCF/TOT  cells  might  be  due  to  mutation  of  the  ER, 
we  amplified  and  sequenced  a  1  kb  region  of  the  ER 
encompassing  the  hormone  binding  domain. 
Polymerase  chain  reaction  yielded  three  cDNA  pro¬ 
ducts,  which  by  direct  sequence  analysis  were  deter¬ 
mined  to  be  the  wild  type,  exon  5  deletion  variant 
(AE5)  and  the  exon  7  deletion  variant  (AE7).  The 
presence  of  these  variants  in  breast  cancers  has  pre¬ 
viously  been  described  [25,  26].  Dideoxy  sequence 
analysis  failed  to  reveal  point  mutations  in  the  ERs 
from  parental  MCF-7  or  MCF/TOT  cells. 


Retinoic  Acid  (M) 


Fig.  7.  Decreased  responsiveness  of  MCF/TOT  cells  to  the 
growth-inhibitory  effects  of  retinoic  acid.  Cells  were  seeded 
at  2000  cells/well  in  96-well  plates  in  quadruplicate  and 
treated  with  the  indicated  concentrations  of  retinoic  acid  for 
6  days,  with  a  media  change  after  3  days.  Growth  inhibition 
by  retinoic  acid  was  determined  by  MTT  assay.  The  solid 
and  open  markers  represent  the  parent  MCF-7  and  MCF / 
TOT  cells,  respectively;  circles,  retinoic  acid  treatment 
alone;  squares,  5  x  10”6  M  retinoic  acid  +  10~9  M  E2;  triangles, 
5  x  10-6  M  retinoic  acid  +  10-6  M  TOT.  Values  are  expressed 
as  the  percentage  of  vehicle-treated  control  wells.  Values  for 
the  retinoic  acid  dose-response  curve  represent  the 
mean  ±  SEM  of  three  separate  experiments.  Values  for 
cotreatment  with  retinoic  acid  plus  E2  or  TOT  represent  the 
mean  ±  range  of  two  separate  experiments. 


Decreased  responsiveness  of  MCF/TOT  cells  to  the 
growth-inhibitory  effects  of  retinoic  acid 

Retinoic  acid  analogues  have  been  shown  to  inhibit 
the  growth  of  a  number  of  cancer  cell  lines,  including 
MCF-7  cells  [27].  To  determine  whether  TOT-main- 
tained  MCF-7  cells  differed  in  sensitivity  to  retinoic 
acid,  we  performed  the  dose-response  growth  study 
shown  in  Fig.  7.  Parent  MCF-7  cells  were  strongly 
growth  inhibited  by  retinoic  acid.  Some  growth  sup¬ 
pression  was  observed  even  at  very  low  concentrations 
of  retinoic  acid  (8  x  10-13  M),  and  a  growth  suppres¬ 
sion  of  approximately  75%  was  observed  in  MCF-7 
cells  at  the  highest  concentration  tested,  5x  1CT6M 
retinoic  acid.  MCF/TOT  cells  were  also  sensitive  to 
the  growth  suppressive  effects  of  retinoic  acid,  albeit 
to  a  much  lesser  extent.  MCF/TOT  cells  exhibited 
only  43  ±  2%  growth  suppression  at  5  x  10“6  M  reti¬ 
noic  acid.  Cotreatment  with  retinoic  acid  and  E2 
reversed  the  growth-suppressive  effects  of  treatment 
with  retinoic  acid  alone  in  both  sublines  (Fig.  7). 
Interestingly,  whereas  cotreatment  with  retinoic  acid 
and  TOT  had  no  additional  suppressive  effect  in 
parent  MCF-7  cells  (Fig.  7,  filled  triangle),  TOT 
fully  reversed  the  growth  suppression  by  retinoic  acid 
(Fig.  7,  open  triangle),  indicating  that  TOT  was  act¬ 
ing  as  an  agonist  (stimulator)  like  E2,  in  the  MCF/ 
TOT  cells. 
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Fig.  8.  Loss  of  growth  inhibition  by  MCF/TOT  cells  in  res¬ 
ponse  to  exogenous  TGF-/J1.  Deprivation  of  TOT  from  MCF / 
TOT  cells  for  16  weeks,  where  indicated,  was  performed  as 
described  in  the  Materials  and  methods  section.  Cells  were 
seeded  at  2000  cells/well  in  triplicate  in  24-well  dishes.  Two 
days  later  the  wells  were  washed  in  serum-free  media  and 
then  treated  with  TGF-//1  with  or  without  10”6  M  TOT.  After 
4  days,  the  cells  were  incubated  with  0.5  fid  [3H]thymidine 
at  37°C  for  2  h.  Incorporated  [3H]thymidine  was  determined 
as  described  in  Materials  and  methods.  Basal  [3H]thymidine 
incorporation  rates  were  comparable  between  the  two  sub¬ 
lines.  Treatment  with  TGF-/J1  in  serum-supplemented  or  in 
serum-free  IMEM  yielded  comparable  results,  as  did 
measurement  of  cell  number  by  MTT  assay.  Values  are 
expressed  as  a  percentage  of  vehicle- treated  control  wells 
(n  =  3;  SEM). 


Fig.  9.  Elevated  TGF-0  expression  in  MCF/TOT  cells.  TGF- 
pl,  p2  and  03  mRNA  expression  in  near-confluent  cell  cul¬ 
tures  was  determined  by  ribonuclease  protection  assay  of 
10 /ig  of  total  RNA,  and  normalized  against  human  acidic 
phosphoprotein  PO  (36B4)  as  an  internal  control.  RNase  pro¬ 
tection  assays  were  quantitated  by  densitometric  analyses  of 
autoradiograms,  as  described  in  Materials  and  methods. 
Values  represent  the  average  and  range  of  two  experiments. 
Total  and  percentage  active  secreted  TGF0  protein  were 
determined  from  dupflcate  conditioned  media  collections  by 
inhibition  of  [3H]thymidine  incorporation  in  Mv  1  Lu  cells. 
Values  represent  the  mean  and  range  from  the  two  separate 
experiments. 

Loss  of  growth  suppression  by  exogenous  TGF-pl  in 
MCF/TOT  cells 

TGF-/J1  is  of  interest  due  to  its  ability  to  inhibit 
the  growth  of  human  breast  cancer  cells  [9]. 
Treatment  with  exogenous  TGF-/J1  resulted  in  dose- 
dependent  decreases  in  [3H]  thymidine  incorporation 
in  parent  MCF-7  cells  (Fig.  8).  An  inhibition  of  40% 
was  observed  at  1  ng/ml  TGF-/J1,  and  a  maximal  in- 
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hibition  of  approximately  60%  was  observed  at  5  'or 
10  ng/ml  TGF-jSl.  Further  suppression  of  growth  was 
accomplished  by  cotreatment  with  TOT  which 
resulted  in  an  additional  suppression  of  20  +  3% 
(data  not  shown).  In  contrast,  [3H] thymidine  incor¬ 
poration  of  MCF/TOT  cells  was  unaffected  by  treat¬ 
ment  with  exogenous  TGF-//1,  even  at  25  ng/ml. 
Sensitivity  to  TGF-/31  was  re-established  upon  with¬ 
drawal  of  TOT  from  MCF/TOT  cells.  Removal  of 
TOT  from  MCF/TOT  cells  for  16  weeks,  either  with 
or  without  supplementation  with  E2,  returned  TGF- 
fj\  sensitivity  to  that  observed  in  the  parent  MCF-7 
cells  (Fig.  8). 


Production  of  TGF- ft  mRNA  and  protein  in  MCF-7  and 
MCF/TOT  cells 

TGF-/J  mRNA  level  was  monitored  in  parent 
MCF-7  and  MCF/TOT  cells  by  ribonuclease  protec¬ 
tion  assay.  As  shown  in  Fig.  9,  MCF/TOT  cells 
expressed  approximately  eight-fold  elevated  levels  of 
TGF-/J1  and  TGF-j82  mRNA,  and  approximately 
four-fold  elevated  levels  of  TGF-/53  mRNA,  as  com¬ 
pared  to  parent  MCF-7  cells.  The  levels  of  bioactive 
TGF-/3  protein  increased  proportionally,  as  deter¬ 
mined  by  a  mink  lung  cell  bioassay.  No  substantial 
changes  in  the  proportion  of  latent  and  active  secreted 
rj'GF-/I  were  observed  (Fig.  9).  Therefore,  MCF/ 
TOT  cells  which  no  longer  responded  to  the  growth¬ 
regulating  effects  of  exogenous  TGF-/J1  (Fig.  8) 
secreted  elevated  levels  of  TGF-/J  protein.  We  next 
sought  to  examine  if  the  MCF/TOT  cells  showed 
alterations  in  TGF-jS  receptor  expression. 
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Fig.  10.  Expression  and  ligand-induced  regulation  of  type  I  and  II  TGF-0  receptors.  Total  DUta  MCF-7 
and  MCF/TOT  cells  was  isolated  from  subconfluent  monolayers  grown  in  o  ’  Trf. 

where  indicated,  or  in  5%  CDFCS  IMEM.  Cells  were  treated  without  (C,  control  or  mtit  10  ngtal  TG  -p 
8  h.  Thirty  micrograins  total  RNA  was  hybridized  with  a  300  bp  nboprobe  for  TGF -p  riTel  receptor(220  p 
protectecl^ fragment)  and  a  360 bp  riboprobe  for  TGF-/?  type  II  receptor  <260**  proved 

300  bp  riboprobe  for  human  /i-actin  (125  bp  protected  fragment),  used  as  an  internal  conWol.  RNase  prote.tion 
assays  were  performed  and  quantitated  as  described  in  Fig.  9  and  the  Materials  and  methods  section.  For 
comparison  *e  levels  oflpe  I  and  II  TGF-/?  receptors  in  MDA-MB-231  breast  cancer  ceUs  are  shown. 
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Expression  and  ligand-induced  regulation  of  type  I  and  II 
TGF-fi  receptor  mRNAs  and  assessment  of  TGF-fil  bind¬ 
ing 

Since  TGF-jS  signals  through  a  heteromeric  com¬ 
plex  of  the  type  I  and  II  TGF-/?/activin  receptors 
which  possess  serine-threonine  kinase  activity  [28], 
we  measured  expression  of  type  I  and  II  TGF-/? 
receptor  mRNAs  by  ribonuclease  protection  assay 
(Fig.  10).  There  were  no  significant  changes  in  the 
levels  of  these  receptor  mRNAs  between  the  parent 
MCF-7  and  MCF/TOT  cells  when  lanes  were  nor¬ 
malized  for  the  amount  of  RNA  loaded.  Furthermore, 
neither  treatment  with  TGF-/?1  for  8  h,  nor  transfer 
from  full  serum  to  steroid-depleted  serum,  influenced 
expression  of  these  mRNAs.  These  results  show  that 
the  loss  of  sensitivity  of  the  MCF/TOT  cells  to  the 
growth-inhibitory  effects  of  exogenous  TGF-/?  can  not 
be  attributed  to  loss  of  expression  of  type  I  or  II 
TGF-/?  receptors.  We  also  performed  [i25I]TGF-/Jl 
binding  assays  to  confirm  that  the  receptor  moieties 
present  were  functionally  able  to  bind  exogenous 
TGF-/J1.  We  found  282  ±  30  («  =  3)  [125I]TGF-/?1 
binding  sites/cell  in  the  parent  MCF-7  cells.  The 
MCF/TOT  cells  showed  an  approximate  three-fold 
increase  in  the  number  of  TGF-/21  binding  sites  per 
cell  (949  +  102,  P<0.05).  Therefore,  the  loss  of 
growth-inhibitory  response  to  exogenous  TGF-/51  by 
MCF/TOT  cells  is  not  due  to  a  decrease  in  TGF-/?1 
binding  sites. 


DISCUSSION 

This  report  describes  a  new  subline  of  MCF-7  cells 
which,  in  response  to  long-term  exposure  to  TOT, 
developed  resistance  to  the  growth-inhibitory  effects 
of  this  antiestrogen  and  also  altered  sensitivity  to  the 
growth-suppressive  effects  of  exogenous  TGF-/21  and 
retinoic  acid.  Furthermore,  the  weak  stimulation  of 
MCF/TOT  cell  proliferation  by  TOT  implies  that 
growth  resistance  in  these  cells  really  corresponds  to  a 
weak  growth  stimulation  by  this  agent.  Interestingly, 
these  MCF/TOT  cells  were  still  responsive  to  sup¬ 
pression  by  the  pure  antiestrogens  ICI  164,384  and 
ICI  182,740,  implying  that  these  two  categories  of 
antiestrogens  must  act,  at  least  in  part,  by  somewhat 
different  mechanisms.  Although  one  proposed  mech¬ 
anism  of  antiestrogen  resistance  is  loss  or  mutation  of 
estrogen  receptor  [29-32],  our  observation  that  the 
phenotype  of  the  MCF/TOT  cells  is  at  least  partly  re¬ 
versible  following  withdrawal  from  TOT  implies  a 
non-mutational  change  in  these  cells,  consistent  with 
our  observation  that  ER  in  the  parental  and  MCF/ 
TOT  cells  had  identical  hormone -binding  domains, 
as  determined  by  DNA  sequencing  analysis. 


Response-specific  antiestrogen  resistance 

Whereas  tamoxifen  is  associated  with  growth  inhi¬ 
bition  of  breast  tumors,  it  is  also  a  cell-  and  promo¬ 
ter-dependent  agonist.  Tamoxifen  shows  tissue-  and 
gene-specific  estrogen-like  effects,  being  a  good  estro¬ 
gen  agonist  in  bone  and  uterine  cells  and  a  good 
stimulator  of  some,  but  not  all,  estrogen-regulated 
genes  [7,  33].  The  ER  is  now  known  to  interact  with 
multiple  proteins,  termed  coactivators  and  corepres¬ 
sors  (reviewed  in  [34]),  that  contact  different  regions 
of  the  ER  and  can  influence  ER  transcriptional  ac¬ 
tivity  greatly.  Differences  in  the  interaction  of  anti- 
estrogen-ER  complexes  with  coactivators  and 
corepressors  in  different  cells  and  at  different  gene 
sites  could  account  for  the  cell-  and  gene-selective 
actions  of  antiestrogens  in  parental  ER-positive  breast 
cancer  cells  and  in  our  breast  cancer  cells  selected  for 
resistance  to  growth  suppression  by  TOT.  It  is  per¬ 
haps  to  be  expected,  as  we  have  observed  in  the  pre¬ 
sent  studies,  that  the  alteration  in  TOT-response 
profile  of  MCF/TOT  cells  varied  with  the  end-point 
monitored.  Whereas  TOT  behaved  agonistically  in 
terms  of  proliferation  in  the  MCF/TOT  subline,  there 
was  a  complete  loss  of  its  partial  agonistic  effects  on 
the  induction  of  progesterone  receptor  expression 
(Table  1).  Interestingly,  estrogen  also  failed  to 
increase  progesterone  receptor  in  this  subline,  as 
reported  in  other  tamoxifen-resistant  breast  cancer 
cells  [32,  35].  We  found,  however,  that  the  usual 
stimulatory  and  inhibitory  effects  of  E2  and  TOT,  re¬ 
spectively,  were  maintained  in  terms  of  regulation  of 
pS2  mRNA  induction  and  ERE-tk-CAT  transactiva¬ 
tion.  These  results  demonstrate  that  loss  of  TOT 
growth  inhibition  is  not  synonymous  with  a  global 
loss  of  responsiveness  to  TOT.  Other  MCF-7  cell 
variants  which  were  tamoxifen-stimulated  in  terms  of 
growth  also  did  not  exhibit  corresponding  tamoxifen 
stimulation  of  the  estrogen-regulated  mRNAs  pNR-1, 
-2,  -25,  and  cathepsin-D  [36]. 

In  the  present  work,  the  growth  of  MCF/TOT  cells 
was  dramatically  suppressed  by  treatment  with  the 
pure  antiestrogen,  ICI  164,384,  and  this  antiestrogen 
antagonized  the  effects  of  either  E2  or  TOT  on 
growth  and  gene  regulation  in  MCF/TOT  cells.  ICI 
164,384  has  been  shown  to  block  ER  action  by  accel¬ 
erating  ER  degradation  [37,  38]  as  well  as  inefficiently 
promoting  transcription  activation  [38].  Unlike  ICI 
164,384,  TOT  treatment  does  not  decrease  ER  pro¬ 
tein  content  (Fig.  5;  and  [38]).  These  results,  as  well 
as  the  observed  beneficial  response  to  the  ICI 
164,384-related  pure  antiestrogen  ICI  182,780  in 
tamoxifen-resistant  breast  cancers  in  women  [39]  and 
nude  mouse  tumor  models  [40,  41],  support  the 
potential  clinical  use  of  ICI  164,384-type  antiestro¬ 
gens  in  the  advent  of  tamoxifen  resistance. 
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Structure  of  the  estrogen  receptor 

Whereas  it  seems  plausible  that  mutations  in  the 
ER  gene  could  affect  ligand  interpretation  by  the  ER, 
our  finding  that  TOT-stimulated  growth  in  MCF/ 
TOT  cells  is  partly  reversible  upon  withdrawal  of 
TOT  for  a  period  of  16  weeks  suggests  that  a  readily 
modifiable  process,  rather  than  a  mutational  event,  is 
responsible  for  the  antiestrogen  insensitivity.  Alternate 
splicing  of  the  ER  mRNA  into  receptor  species  with 
different  functions  would  allow  for  modulation  of  the 
receptor  protein,  without  gene  mutation.  A  number  of 
ER  variant  mRNAs  are  expressed  in  breast  neoplasms 
and  some  of  these  variants  have  been  found  to  possess 
either  constitutively  active  or  inhibitory  receptor  ac¬ 
tivity  [25,  42]. 

Our  analysis  of  the  nucleotide  sequence  of  the  hor¬ 
mone-binding  domain  of  the  ER  revealed  the  pre¬ 
sence  of  wild-type  and  exon  5  and  exon  7  deletion 
variants,  but  failed  to  detect  any  mutations  or  other 
splicing  variants  in  the  parent  MCF-7  and  MCF/ 
TOT  sublines.  Analysis  of  the  ERs  of  other  hormone- 
resistant  sublines  of  MCF-7  or  T47D  human  breast 
cancer  cells  by  RNase  protection  mapping  [43]  or 
PCR  amplification  [44]  also  failed  to  detect  variants 
or  mutants  of  the  ER.  Recently,  Kamik  et  al  [45] 
screened  20  tamoxifen-sensitive  and  20  tamoxifen-re¬ 
sistant  human  breast  tumors  by  single-strand  confor¬ 
mation  polymorphism,  and  found  ER  mutations  were 
neither  frequent  nor  correlated  with  an  antiestrogen- 
resistant  phenotype.  The  altered  hormonal  responsive¬ 
ness  seen  in  MCF/TOT  cells  is  thus  unlikely  to  be 
due  to  mutational  change  in  the  ER. 

Cross-talk  with  retinoids  and  transforming  growth  factor -0 
in  the  antiestrogen  resistance  of  MCF I  TOT  cells 

The  antiestrogenic  character  of  the  retinoids  has 
implicated  them  as  candidates  for  combination  pallia¬ 
tive  therapy  in  ER-containing  breast  cancers.  We 
found  that  our  MCF/TOT  cells  exhibited  decreased 
sensitivity  to  retinoic  acid.  This  may  be  explained  by 
the  fact  that  retinoids,  which  have  been  shown  to 
modulate  estrogenic  regulation  of  a  number  of 
mRNAs,  including  those  for  pS2  and  the  growth- 
stimulator  TGF  alpha  [9],  are  thought  to  exert  their 
growth-inhibitory  effects  through  the  ER  as  well  as 
their  own  receptors  [10,  27,  46].  Therefore,  the 
reduced  retinoic  acid-induced  growth  suppression  we 
observed  could  be,  at  least  in  part,  due  to  the  reduced 
levels  of  ER  present  in  the  MCF/TOT  subline  as 
compared  to  parent  MCF-7  cells.  This  would  be  con¬ 
sistent  with  recent  observations  that  the  introduction 
of  ER  into  ER-negative  breast  cancer  cells  re-estab¬ 
lishes  retinoic  acid  growth  inhibition  [10]. 

We  examined  TGF-/?  production  and  TGF-/? 
receptors  in  our  parental  and  MCF/TOT  cells 
because  expression  of  TGF-/?  is  known  to  be  signifi¬ 
cantly  influenced  by  sex  steroid  hormones  [47-50]. 


Because  TGF-/?1  was  a  good  growth  inhibitor  in  our 
parental  MCF-7  cells  (Fig.  8),  TGF-/?  resistance 
might  thwart  the  suppressive,  beneficial  actions  of 
tamoxifen.  We  observed  that  the  MCF/TOT  subline 
was  resistant  to  the  growth-inhibitory  effects  of  ex¬ 
ogenous  TGF-/?1  and  that  this  insensitivity  to  added 
TGF-/?1  was  reversible  following  withdrawal  of  TOT. 
We  also  failed  to  observe  a  decrease  in  the  expression 
of  type  I  or  II  TGF-/?  receptor  mRNAs  or  a  decrease 
in  the  binding  of  [125I]TGF-/?1  in  MCF/TOT  cells. 
The  TGF-/?  receptor  system  is  highly  complex,  how¬ 
ever,  and  includes  at  least  one  other  characterized 
protein,  the  type  III  TGF-/?  receptor,  and  numerous 
receptors  with  TGF-/?  cross-reactivity  [28]  which 
were  not  evaluated  in  the  present  work. 

Of  note,  MCF/TOT  cells  showed  elevated  pro¬ 
duction  of  TGF-/?s.  The  cells  contained  eight  times 
more  TGF-/?1  and  TGF-/?2  mRNAs  and  four  times 
more  TGF-/?3  mRNA.  They  secreted  three  times 
more  TGF-/?  bioactive  protein  and  eight  times  more 
total  (latent  plus  active)  TGF-/?  protein  than  parental 
MCF-7  cells.  Therefore,  we  do  not  know  if  their 
insensitivity  to  added  TGF-/?1  was  due  to  the  high 
level  of  TGF-/?  production  possibly  resulting  in  the 
generation  of  maximum  autocrine  TGF-/?  activity. 
We  think  this  is  unlikely,  however,  because  it  is  worth 
noting  that  MCF/TOT  cells  grow  very  quickly  (ca. 
1.6  day  doubling  time)  in  the  presence  of  TOT  and 
therefore  are  not  being  growth  suppressed  by  the 
TGF-/?s  either  being  made  and  secreted  by  the  cells, 
or  by  the  TGF-/?1  we  added  exogenously.  In  addition, 
we  previously  reported  that  short-term  estrogen- 
deprived  MCF-7  cells  contained  10  times  more  TGF- 
/?1  mRNA,  eight  times  more  TGF-/?2  mRNA  and  five 
times  more  TGF-/J3  mRNA,  and  secreted  four  times 
more  bioactive  TGF-/?  and  three  times  more  total 
(active  plus  latent)  TGF-/?  than  parental  MCF-7 
cells,  yet  these  cells  still  showed  normal,  i.e.  full,  sen¬ 
sitivity  to  growth  suppression  by  added  TGF-/?1  [20]. 
More  detailed  analyses  of  the  TGF-/?  pathway  in  the 
MCF/TOT  cells  will  be  needed  to  understand  the 
changes  induced  by  antiestrogen  exposure  fully. 

Our  findings  highlight  the  response-specific  nature 
of  antiestrogen  resistance  in  breast  cancer  cells.  To 
our  knowledge,  this  is  the  first  study  to  compare  re¬ 
sponses  to  antiestrogens  and  to  the  growth-inhibitory 
factors  retinoic  acid  and  TGF-/?  in  breast  cancer  cells 
selected  for  resistance  to  tamoxifen.  The  reduced  sen¬ 
sitivity  to  these  agents  in  the  MCF/TOT  cells,  and 
the  restoration  of  responsiveness  to  these  agents  after 
TOT  withdrawal  suggests  a  possible  commonality  of 
components  or  pathways  in  their  regulation  of  pro¬ 
liferation  of  these  human  breast  cancer  cells.  Our 
findings  also  indicate  that  one  mechanism  of  anti¬ 
estrogen  resistance,  as  seen  in  MCF/TOT  cells,  may 
involve  alterations  in  growth  factor  and  other  hormo¬ 
nal  pathways  that  affect  the  ER  response  pathway. 
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Estrogens  regulate  the  differentiation,  growth,  and  functioning  of  many 
reproductive  tissues.  They  also  exert  important  actions  on  other  tissues, 
including  bone,  liver,  and  the  cardiovascular  system.  Most  of  the  actions 
of  estrogens  appear  to  be  exerted  via  the  estrogen  receptor  (ER)  of  target 
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enhance  the  transcription  by  either  TOT  or  E2  of  the  reporter  plasmid  lation  likely  occurs  on  diflerent  phosphorylation  sites  as  indicated  by 

ERE-thymidine  kinase-CAT  (Fujimoto  and  Katzenellenbogen  1994).  s<>me  of  our  mutational  studies  (Le  Goft  et  al.  1994)  and  this  aspect 

Thus,  this  phenomenon  is  promoter  specific.  Of  note,  cAMP  and  PKA  remains  under  investigation  in  our  laboratory, 

catalytic  subunit  transfection  failed  to  evoke  transcription  by  the  more 


B.  S.  Katzenellenbogen  et  al.  Estrogen  Receptors  and  Second  Messenger  Pathways 


I 

■3  “  1  ■'  * 

3  5  '  “3  0 

■£  %  £  =  •= 

s  2  3  a 

•r  3 

G  C  T- 


«  £  '=  -  .5 

p  3:  5  s  r-> 

j$  2  2  “  £  •£ 

c  =xi  i=  .  3  .  a. 

1  |  i  1 1 < 

r*'  ^  *“  £5  ^ 

E  «  ~  £Z  -O 

Op  E  ^  “O 

2  f  ;j  £  u  u 

“  “  -  73  J3 

1  §> II a 

=5  H  E  a  d  P 


C  3  3 
%  >  > 


'>  ^ 
Ctf  u  £ 

i_U  Ui  *5 
U  3 

^3  •£  a. 


4) 

*  CJ  J= 
P  G  *- 


cj  g  o 
GJ  f=  C 

■“  CJ  i) 

ag  So 
» 

“§  1  ~ 

S  ^  -c 

*  . «  ob 
y  3=  3 
«  ^  P 


C  cj  SO 

o  c  C 


u  3  C 

2  P 


S  V) 

cj  y 


—  “  c 

3  ^3  JL> 


<—  .a 

£2  O  a 

O  G  O 

ES- 

s  s  § 
2  8>jj 

■a  «  yj 

a «  j 
1  ^  a> 

i  ^  m 


■3  3  G 
>  >  £ 


1  -a  7> 


a  “  ”3  ■ 

cj  £  cj 
50  ’J  L 
C  >  3 

5  8 

«  3  u  * 

**  S 


<f  Q-  3  .= 

o  >  *r 

u.  w  *s 


5  E  ,Ss 

'§  «s  § 

a>  §  u 
13  u  o 

3  T3 
=?  £  « 


Q.  O  £ 
2  >  .■§ 
>>  >  « 
t.SS 

^  Tt  3 


^  C  , 

b  n  « 

E  3  • 

c  E  3" 


c  "3  _ : 

CJ  G  3 
5£>  3  _ 


C  3  r* 

5  a,  g 
£i  •  *  c/j 

3  ^ 

■  *  2  X 
-2-3' 

1  =  - 
3  50  "3 


<a| 

3  CJ 
O  N  ^ 


E  .  .  3- 
2  co  Ov 


as 

— 

^■3 

— 

C 

4) 

£ 

3 

*3 

=JQ 

-C 

S  S 

-G 

L-C 

U 

C 

4> 

jg  s 

3 

>  5  “2 

3  O 


s  a  t  s  =  * 

a  .25  “  02  E  CL 

a.  ?o  U  ,  r 

«<*  r*  3  — 4  3  — s 
V  y  —  —  — 


_:  or - -  O  v  -3 

•  -"=  ^  ^  5  ^r^"3 
<  S*-=  «'rj£  § 

i  >•>  s-  — *  OJ  tS 

>»C  t-  D'T^c  Cl 

U.  <3J  O  V3  ?<  m  .  3  •  {- 

GoEOdOnPX 
•3  u.  o  ._  v:  <—  3  c 

5  y?  5  3  .^3 

-0'D3_c£33cJ3 
—  J-^'GCwO^ 
r-O^S’-D-ys 
3  ’sT  -3  -°  =  j3  §  .«  • 

■S  £  —  £  .2  ‘C  s  ■- 
P  o  .2  G  o  ^  ^ 

£sZ--3--^-= 

U'^sul"' 

u  u  -  2-£  a.^ 

-Go  .j"-C  Cl.j/3  y:^ 

=  S-  2  §  5  =  t 

oo  ^  g.  ^  9  o:  g 
y  =  t£a:0o“o 

-  u  u  pj  .§  «  .3  '-3 

v3-n^'5^  =  u£' 
0^  =  u  =  ^yo 
o  4  -  -3  i  -I  5  ■&■ 

.s  1  b  a  S  -5  I  8 

■/:  •-  75  i2  P  'fc  u  -5 


^  S  5  22 

~  sJ  'G  _, 

3!  •—  ^ 3 


.  —  —  .  55  >  w 

'•»  S  2  fc  «  -S 

3  __  Cl.  3  I 

.2  —  «  <  c  «  i 

3  -/?  o  ys 


O  o  ^ 

2  ^  5  a 

c  ^  ys  w 
«  ON  — 


T3  o  E^f^-5 

l^lllll'o 
£5  1“  c  JJ  -3  5  8 


2^  2  S 

2  *0.  !2 


E  q-  2 


•  c  rt‘  "H  ""a  E  .S  3 

s  ox>  a  -2  •£  c  _r  -5  .S  § 


8  1 

a  S 

■o  >  a§ 

S  |  w 

a.  5  «m 

Q  >,& 

w  «  •- 

a  ^  .s 

o  js  "S 

2  a-  *= 

ft.  “  c 

•a  .S  o 

2  ■g  w 
®  e  .2* 
i“.2f  y  « 

>“  2  g 

’3  s  s  ?• 

I^h! 

^  |r.s 
a  o<  —  a 

y  «i-  s 

m  Q  O  < 

2  ft*  §  S* 
■S  3  ti  ■“ 
.2  1 1*8 
e  «  •-  *a 
<  2  y  s 

se  -  <  8 

ls,so 


8.2  c  « 

&^c2aio^ 

2  ¥  «  aS  >  a  ^  § 

V.  "^5  3  c/5  y  ^  O  Q 

'  e  «3  &o  88 


s  §  ^  a  S3 
e  .2  oS  .S  .S 
^  &U3  “2  - 


=3  .S  3  S  '3  ^  3 

_r  "3  .E  §  -si  &•  H 

Ss^SfiSg 
§  S3  2  3  52  2 

O  ys  3  q  —  3>2 

2  -o  i2  c  12  35 
83  o  -o  -j:  _  S  P 


u  -5  *C  O  «3  "3  —  —  ys 

w  S  ow^  5/5  ,/T  >>  — 

i!i§llsi“ 

il^idlfiiz 

"o.^^O-CEcU 

c  5  ^ 

•r  -s  o  •"  ?  s  S  2  - 


cgMt-UjJ-Solu'S 

S  i  S  o£  ;  5  s  u  § 

£22-sE“aox>uP'p 


3 

>» 

u 

0 

£ 

yf 

to 

.4J 

y$ 

*S 

'3 

«g 

3 

l— 

3 

"3 

u 

1 

G 

G 

3 

S) 

‘3 

4) 

3 

0 

*<U 

Vt— 

0 

3 

4) 

21 

yc 

-G 

G 

3 

G 

'P 

O 

4> 

CJ 

-G 

C 

Ui 

4) 

O 

73 

to 

<u 

OJO 

a. 

< 

o 

G 

O 

O 

£ 

3 

c 

3 

M  'Z.  Sl 

0  Q.  5;-  £  £ 
w  —  JO  w 

*3  §  3  §  '% 

3  2  -s  >  «  5 

x:  w  -g  <d  ^  w 

“  «  •£  *  o  3 

Id  s|75 

S  r-  I  «  00  S 

-E  i  S  y,  as  | 

G  CJ  0)  o  -C 

S  ^  S  s  c  «« 

oo  -c  5  3  u 

0  .  g  3  -p  > 

«-5  *r*  fti  55  3 

ts  «  S  0  o  2 


—  >  — 1  ■  s  vft  <U  O  « J 

°  S  -£  ^*  '’G  ^  —  3  C 

5  3  E  P  'P  ^3.-3  g 

O  -m  i  3  r-4  ^5  U 

S  ^  O  u  c  3  « 

"32  —  5»^S2w^55 

i€-s  g  7h  ei 


x  o  3;  yj 
yj  J  O  o 


E  -O  3  o 


T3  c  E  3 


G  «  <U  3  ^ 

|  |  5  J$  !  < 


3  .  -a  .-  > 

g  i  §  Bi 


W 

3  o  •= 


g  o  •=  gj  ai 

!ii?l 

^  *S  ^  "0  ^ 
yj  *r  O  3  ^ 

I  “Si 

S  >  =«  n  2 

C3  O  32  w 

O.  t-  rt) 

?  M  W  3 


^^3  „x  O  ^  -  Ow  G  c«  D 

>  E  3  x  C3  ,  _  ^2  ’y5  g  g 

o  ®P  ■Q3W^1-  ^  (U  ^  O 

G*—  yi  so  0‘""‘G  S  <u.3  so  aoj£ 


su  yi  C  bi)'*  ~  L-,  S  i—  o  a 

g  >>§  3O-CU  o  p  o,  }-  « 

3la^i=^2S 

3n£§2uo.O»=t« 


.|  Mg  »  |  S'!  g  w  I  00 

OSSEjDo’SxiyaC^-  — 


w  T>s  <u  ~  w 

W  ^  dJ  Ui  —  o 

a.  £  g  ^2  o 

.S  -°  5  o  ’£  7. 


1  g-S 


G  if  •—  vs  ^  S  o  jg  *- 

o  c  CJ)  1)  O'  >>p-“  C 
3  ■«  —  rVi  H  TZ  -Ii 


w  S  *S  y  w  ^5 
3  2  «  —  a>  ^ 

-  O  C  -g  G  < 

27  -  O  .3  ^  o 
«  -,  2P-=  P  T3 


fc-w.G<uw:C  -5{j 

8  gp  g  S“^;:2 

I  S.  g  Si  3  o  5 1  - 
E  “  aa3  82 

-  r-  G  t>  3  c  —  3  .5 

•-go-SJiiu  =  IS 

G  *-  U  -5  X  u  —  53  b 

’>3  2a:ccG.^g5 
'5  £  “  o  c  U  g>  .S 


w 

C  ^ 

O  ! 

y: 

e 

CJ 

50 

G 

3  ■ 

CJ 

t— ■ 

ys 

’ij 

£  % 

ys 

c  . 

G 

3 

f- * 

-a 

4) 

>L 

5i) 

c 

3 

G 

CJ 

C 

c  ■ 

0 

c 

G 

4J  : 

7) 

Ui 

3 

2  —  I  «*s  o  ^  -c 


§2.5^'5^gE>> 

3  Cl  rG  ^i2.G  s.  V  -C 


B.  S.  Katzenellenbogen  et  al.  Estrogen  Receptors  and  Second  Messenger  Pathways 


1  i  8 


-I 

S  |  i  2  | 

-  a.^2  2  .s 

^  "a.  oi  —  ^ 
S  _  “  -  i> 

.c  g  122  -s 
£  3  O  C  JO 

i  §  2  3  S 

S  J,gSp 

A  =  .2  3  § 

b  ^  r-  (j  w 

l^|ss 

QQ  <  c 

„  g  5-  rj  'C 
n  q  «•$ 


5  >  3  31 
5B\=  S  g 


2  d 

c/f  .2  S  *5, 


:=  o  -t 


G  CM 

5  «  “ 

O  U  30 
X5  3  — 

0  3  2 
uT  Z 
^  .2  o 

11  = 
i  i“ 


o*  c-i 

Is  r 

•3  7  |  - 

£  3  — 

p  - 

=  30-5 
,  ^  CM  c/5 

-o  —  ^  ■ 

73  m  35  ■ 
>“  |  2 
2  c  w  * 

2  ‘C  go 

■-  8  “ 
*■£  “3  C  * 
^  “  u 

1“  r 

00  g  e 

u  3  d 

£  5  =5  ■ 

111' 
5  «  3 
c  3  * 

13S 

3  c  C/3 
D  'C  3  ; 
3  O  -£ 
.c  C  C 

a.  a.  o 


~  2  M 

3  <  ^  -s 

-—H  — 

5  -3  n  ‘Z  - 

5  3  f  5  = 
5  J  ^  ~  s 

§  u  o.z  ^ 
“  3  1  .3 

2  3  -5  3  * 

c/2  .  *2  *  e 

CD  —  g  w/3  o 
w  J  3  C  M 

g  e  <  5  « 

|.S  1  -S  S 

-9  J  Z  3-5 

ii  §  8  z.  g" 

g  "  .Svo 

Jj  .  .  c  .  30 

a  a“  •§  «  5 

*  |  .&|‘S 

J  3  S2.  3 
£  °-  5  J  = 

■S,  DO  S  z  O 

3  e  sb 

|  j=  2  o  2 
^  ^  u  .HP  g 

^  *s  -g  £  g 

^  CL  s3  2 

s|i6  § 

C  <  o  « 


o  <  o 

2P*C  * 
*  ^  o 
Si  —  5n 

MS 

8  3  q- 


*  3  J 

!  I u 

§  ao 
a  w>  l. 

rs  C  <L> 

a  a  3f 
u  m2 


1m  O*  — m  <D  .—  — 

2  S  2  -S  S  a? 


-  o  £5 

^  OB  \  . 
0  3^ 


ri  g  .2-fN 

oB  ’— 

g  t 

.2  s  2  i 
!==-•?. 
U  2  T  >~~ 

■g  5  -  o 

jS.2c 

.QQ  ^  g  g 

^  -C  7  ^ 
C  o  2  UJ 


C/2 

.S  53 

D 

D  — 

"3 

-3  3 

h  .a 

.  OB 

■£ 

-?  -2 

Ui 

On  O 

D 

On  ^ 

•a^Ti 


0  Z 
■5^0 

*  Eti  a 
3  .  *  w 

S  £\S 

'S  '  c  ^ 

M  >S  e 

j  'a  a 

3  1 

<r  u. 

.s  §-8 
>,**  .5 
^  ^  -S 

c3  >> 

«:  -o  8 

’3  “3  s« 

s-i-i 

n  S  e 


i  2  S 
I  2  °- 

S*  00  z.  w 

3  3  c  t*- 

J  O  |  o 
3  —  ^ 


a  «  x 

•  —  w  u 

c  2  ^ 
-  o  g> 

2  C/5  S 

£  .2  *8 
o  UU  3 

00  w  O 
-  .£ 
C  S  - 
^  <  2 
c  o  o 

is  b  a 

t  CO  ,?3 

;  <u  -r  ^ 

;  §  a  S 
I  S  o  2 

i  o  §  •« 


X  •“  w 
0)  00  D 


« a  2  u 

2  J3 

Ji  -S  H 

2  S  a 

_  -  ro 

C  •=  ON 
§  ^  ON 

2  ^ 

Q-  2 

c  <u  w 

.5  ^  « 

1 1 1 

I'S  | 

3  g  t£ 

1 .2 

.S  Tt  ON 

(U  cO  2 

>  u 

;-§*£“£ 


S  £  ^ 

5  c  71 

(V>  Vm 

|  i  a, 

3  «  c 

a  -I  a  - 
s,s  g 

o  *2  T3  . 

II  § 

£  _o  O 

S  x>  *o 

I  a  « 

I  8.^ 

—  ^  o 
c:  Zr*  « 

53  Q.  o 
«  C  3 

c  .5  c 

‘8^0 

e  §  •■§ 


3  a  z 

x:  -O  s 

z  0  •— 

"5b  c  o 

^8  i 

|  3  o 

.3  <L>  £ 

^  M  U 
1  4J  O 
4)  £  £ 

a  h  s 
o  r  3 

Sc«  o 

<U  t- 

5  5,  2 

-C  —  V3 


1  J;  a  >h  ■ 

;St  2  - 

<C  o  > 

p  u  a  -o 
j  "§  5  § 

»  3  «  o>  : 

;  c  -5  B  • 

:  D  di  <u 

•  8  £ 

)  p  c  w 
}  is  3  c 

*  C/3  -C  ■  — 

;  «  c  :• 

[  C  »  a 

^  2a: 

2  $  jj  PJ 

:  oi  M 

-  X)  33  £ 

5  C/2  *2  ! 

,  ^  —  .s 

2  *3  Cu  3 

3  Y  S  1 

►>  g  <1  u 

3  2  ^  ^ 

5  0  £  8 
5  5  a> 

2  1  2  "O 

Sill 

3  w  3 

-  a>  •  •  ob 

5  >  >>  & 

2  g  5  i 

Dai) 
1  -  £  M 

£  g  g  2 

3  ca.  w 

v-  ^2 

a  a  f  « 

:  #1  “ 

-  2  c  c 
g  2P  o 

T3  "  c/2  — 


D  &B  C 

1  -s  a  : 
3)  Tg  “§> 

D  D  .ZT 
u.  -Q 

f  §■!■ 

,2  D  d 


3  «-  tj 

S'sl 

Q  o  ^ 
Cl  m  d 

o  a  a 

stg 

U  S  Cl 

g.  2  s . 

■/)  u  3 

%  c  5 

2  3  •■« . 


*-  yt  D 

2  .9*  gp  ■ 

>  S  3 

I  1  o 

O  W 

H  a-g : 

■s  a  5  • 

3  -g  »  ■ 

<d  a  3 
£L  co  — 

CL  £3  c/2  , 

3  -3  s  : 

V3  {-  V2 

C  3  •- 
D  V  S 
OB  03  2 

§  I  a 

V2  <,  c 

D  D  3 


p 


CD 


SO  _£ 

p 

3 

3 

P  rn 

sp 

C  vJ 

/!  S 

CJ 

SJj 

•P  r- 

. .  X 

"5 

3  < 

•X 

X  O' 

%  .2 

CJ 

y! 

Cj 

.2  sc 

S 

p* 

1 1 

< 

3  ~ 

—  3 

5 

3 

z 

:':  z 

3 

Is 

a 

P  3 

15  to 


u  cj 
^  U  ° 

T3  _  C  • 
C  O  P 

x  s  i  * 

8  d  1  • 

‘iliS: 

ill 

fj  s  ^ 

!  w  §  w' 

HIS 

;  s  1  s 

■  =  § 

'  u  £  o 

:  cj  —  -o 

;  c  c  5 

:  ■”*  cj  zz 

5  c/5  “3  D 

:  o>  c  c 

11  8.8 
!  3  «  a 
:  *-«  ■?  *3 

*>  ^  g 

5  s  i  u 

-  Q-  p  — “ i 

2  v  F 

=  cj  5  <u 

i  %  2  S 

<u 

OS 


P  p 

u«  00  . 

o  TD  CO 

p  c  m 

8*  53  t 

£  §  *~ 

u  ,s  M  . 

c  s  5  1 

\P  <N 

§  d  Z 
S  c  .2 

-gS“ 

’ji  p  "o3 

Cj  c  rs 
P  CJ  U 
•S3  ~3  — 

S3  e  o 
jd  cj  ^ 
s  Q.  <*£ 


Is  z  8  I 

.2  *  a  i  ■£• 

§  *  S  i  §■  .1 

f  1  g  *  =  -5: 

C  .p  I.  “>  W  —5 

cj  sc  c  £  0 

^  c  n  -3  i  2 

rn  ,3  ON  _3  >  S  * 

2^  3C  O  -  vC  i: 

2  o  a  y  ^  c 

»o  ^  i;  m  <n  cj 

^  CQ  <  £  □  S  r  .£  . 

tl  -  O 

?,  1^5  a-.  % 

:  ?  2  .2  |  2  g  s 

>1  Sffl5  “  =  ? 

!  06  c/i  O  au  on  guu 

;SO"5uSu:^ 

r  ^  o  2  <  S3  2  » 

:  1  I  2  S  %  i  g-2 

ruJ  £  §•_><=£  g  ~ 

■  =  '■*  d 

!  a  (I  £  .2  a:  g  2  u 

■  1  j  g  §  §  2  .§  ■§ 

1-5  |  11  1 1  3* 

i  8  .?f  s  »in 

s  g  <  &.'&*  i  “3 

*  l>  U  -r  -  >  cj 

£  w  y,  §  U  Qi  UJ  x  2 

^  3  i—  ^ 

=  3  -C  £  =  «  5  ?  c 

D  u  O  3  2  :3  ^  £  *t: 

t  £  -  *  « 

5  3  cj  -^3 

*  ^  C/5  C/5 


o  r!  3 

£  A  t 


I  «  r*  2  *3 

a  *  ?pcn  3  3 

?5  Sj  P  in  i>  - 


<  •-  5  2 
1111 
IlSH 

q,'  U  2J  ^ 

■3  *S  | 
fe  0  LQ  2 


/  5  5  H 
.3  "3  23  00 


•5  s  .2 

d  <T!  S 


5!  12  II 

so  P  In  °*  -7? 


V3  3S  ^ 

•rL  O  c  .w  ^ 
sr  cq  *  _ 

a  s  g  4  ss-I ' 

.  spl^l 

1  «  2  j  a  §  2 

:  »  2  «  -S  -c  .£ 

j  ^  .3  £  §  o  co 

: “ ■=  <  2?- 


r  2u 

^  U  . 


c  y.  ^  ^  t3 

s  —  N  Q-  2S  J3 

—  30  •—  3N 


y  OJ  3 

.S  —  -S  .§ 
—  00  3  ^ 

■St  S-S 


u  fl- 

3  _ 

< 

:3 

JS 

CJ  33 
^  3 

0 

c^ 

D 

CJ 

C/5 

C  ^ 

>n.2 

00 

s 

CJ 

C/5 

£ 

xs  P 
e 

_3 

-O 

3 

r2 

p 

c  CSJ  £  3 
r3  “ ^  O  J 


ill?  3 


r  CJ  O  - 

J  c  5  ffl 

c  «  3  o 

1  I  M  | 

P  »  5  a 

S  U  -  £ 


l  z  SJ.« 

=  :s  “ ; 

=  1 1 ' 
w  P,  13  : 

“  2  s ' 


3  -  <u  d  r  r  - 

ID  H  ^  "3  3  ^  _o 

!  «  2  -3  3  2  -o  2 

'  JZ  O  -5  ,D  .U  ‘c  q, 

1  3  y  B  •*-  *-  t  ft 

H  -j  3 


u.  o  w 

3  .=  C 

U.  s  ffl 
r-  ‘J*o 

1^1  i 

c  ^  U  S- 

li|  = 

g  £  -  a> 
^  =5  o  § 
Suss 

.S  8  «  8 

— ,  W  jKi  ±3 

H  ^  o 


_r  «  « 
S  o  Ou 

<D 


1  1  — n 

O  3 

-C  g>  >» 

CU  .-5 

-/  V  > 
O  w  •- 
£  c  ^ 
0-0  5 

J  u  fl 

^  o  c 
-C  o 


^  !-p  >0  31  ‘3 

^5  7  -  30  P 

c  S  7  ^  73 

Sj  cn  ~  CiO 

a-g  9  0-  c 

0  5  c  ^ 

■§  "  ^  §  i 
§  g  z  -e  s 


ojdi>P5<;  -  c 

S  y  2  7  O 

y  U.  r  \  -r*  l—  ~  *3 

S3  ^  y'DQiTjDU  ta 

|>n|.“?!Sa^  =  i 
^  a  e  <  >  i.  r«-  is  P3  ^ 

o  H.  •  .  *g  ^  ^  |  .  -g. 


2  o  § 
g  >,  wj 
CJ  P  2 

ll  § 
•I  I  I 

c  o 
0  .2  o  is 
r-  o  *s  25 


2  2  a 

H£  g 

on  33 
on  «  = 
—  pi 


Og'siS 


S  in  St  ^ 

^  >  vo  2  5 
2  0^2  2 


«  «  g 
so  o  e 

£  ^  ^  SSq  3  >, 

!!!§1l^>i! 


I  u-  1— 
CJ  O  CJ 

05  CJ 

s  -/  g 

—  >  u 

ON  o 

ON  —  w 

—  J-  P 

;lz 

2  3n 

•=  «  I 
a  g  =3 
a  -®  3 


an  .5  CT  on  .5  _ 

g  Ji  C  60  g  3 
S  x>  00  e  a  .3 


C  o  -13  s 

--per  c  2  d  j.  *«5 

.  P  O'  flj  w  “  -i 

A  **  H  ?1  «  — 


®  |  £  _2  1 3  1  ^ 


3 

P  +*  <,  C/5 


^  on  — ;  c  m 
c  -2  ^  o  00 


W  £  n>  -S  ^ 

1 1  in 

C  M  ^  O  « 


j.  -g  s  o  Jo  <■  5 

go  g  «  S  -C  -fi 

“  22  CJ  r-  sX)  . . 

«r|  OJ  $0  S  £>  3 


^  ^  ^  2i  2  3  £ 

d^tSSSSjf 

^sSai^s's 


^  "S  e  M  ^  > 

f  1  §  S  3 1 1 

-  N  yj  -Hr*- 


s  3  e 
«  2  H 


3  =  2  »<y 5  § 
5-=|2«fiS- 

o.  -j  5  a.  3  7,  o  0 

cj  "O  ^  Ti  Si  y  e 

3  ,S  r  ^  on  ==  ii  o 


2  *0  I3?jg  =  §  ” 

2  oSS  a^2  ?Q  2 

_  o.-  "2-.co  £  .  ■§. 

g  «  2  on  I  n  ,/C  -=  “  - 

2  2  3  c  w>ca  £  S 

o  o  £  3-^S  gZ^'c. 
2  §  Solu5=^  S.! 

a  a  .  -9  te  .  s  -■  o  - 
t  t  M  >  2  S.>  '|  *  £)  \ 

s  2  I  i  1  d  1  %  1  a, 

r3  ^  3  3  3 

5  ^  U 


^  ^  o 
=«  co  13 


■>  -  —  '32  —  >  3  .2! 

.  >  <*2  0  a.  yi  S  ^5 

2  1,  0  cj  fr  8  g  ° 

:  jj  c  £  ^  s  13  ^ 


*5  s  ^  < 
.Sl|^g3u- 
g  -I  2  g  d,  <  o 


>—  O  CJ  C  -C 

«  a=  2  t 

p;  3  c?  c 


!  S  S  1  §  2 

;  rx  O  .  CJ  »-  . 


:  o  _  m 

J-S  -2  o 


“  c  a.w  -s 

^  I i  8  >  1 

»  i'%  1 1 

§  8.  -0  i  is 

5  ^ 


^  3  c  ^  u  -7  rr  % 

'is  yj  £  ^  73 

issre^Sig 


>  P  ’*-  .  G  >*  2-  o  ‘3 

u  pPf^'pcJw-o  CJ 

s«i.2i3Z§  = 

CJ  rr  ®  CJ^p  o  § 

5_-=§j('3°d5^ 

2.  3  a  2  g£  §  £  CJ  g 


£  H  -/  U 

U  §  g  g  g  • 

•5  -S  2P  c  3 

•-  cj  o  o  p 

i  m  -8  b  c  | 


|  il 

£  o  -o 


o  s  i 

C  -5  P 

■e  ^  cj 


gg858flg.28®8 


SS  "*  -=  U&  W  — *  w 

§1  3  2  3  Oii  |g 

5D  C  ■-  ^cj3  3 

>*  o-  o  *S  e  c  c  d  2 

^  i:  c  u  p  C  -s  t 


<N  ^ 

2$  o  p 
2  e  * 
1  8  w 

p  3 

i  5  ^  g 


yc  CJ  .3 

51  J 


-=■  S  s  2 

^  C  H  s  § 

as  §  ^  5<  o 

ON  SfiVp  2  J= 

"  B  ^  u 
5/5  v!  ^  ^  £ 
O  “  ^  °  a. 

=  .S  $  g  ° 

^  %  1  o  .2 
•§  g®  1  g 

w  3  O  ii  a 

g  F/^3 
S  e-  S  81 
5  £  |  5  2 
QU  -O  S  u  Z 

5  O  -  o  K  § 

t  °  c  H  8  .S 

o\  H  *3  CO  Qi 

22  J  p  .0 

S  u;  I  ^ 

S  3  o  -5  3  d 


c 

0 

U) 

O 

& 

c 

0 

0 

C 

0 

N 

CO 

co 

GO 


2  M  0 


«  22 
*-  i- 

•£  7 

W  — 
2  r- 

ti 

*§L< 

c  oo 

=  3 


c  zz  —  ir, 


8 


*0 

£  s 

I  & 

<c  8 

^oc 

II 


Q> 

§ 

C3 


.o 

t: 

o 

o 

s 

3 


O 

•52(3 

"S  3 

S  O 

§ 
CO  § 


s'll- 


<N 

=  '•§  '-3  it 

o  >  g  2 
</>  '~  -  c 

n  ^  c  c 
s  c  w  o 
5E  2  w  -s< 

t:  x  73 
roc 
o  C  ta 


0 


CL  S  S 


T  oo  .o 


*  c 
ro  o 


a: 


o  A 

©  3  .1 

o  >,  o 

^  W)  c 
'—Co 
o  -C  T3 


ff  u  o 
«  u  2 

O 

W  5^ 

c  p  c 
0-0 

&0  P  Tn 
o  t-  ou 

:  c.  u 
/  "3  [ 

o  c  -3 
c  *  - 
c 


c 

£ 

£ 


3  X 
3  1 

_  UJ 


—  c 

O  O 
O  .3 


u  = 


S  I 


_  w> 
2  73 
o  £ 


O 

LO 


r-  o 
sC  M 
On  C 


>  c 

3  -C 

a  c 

> 

5  3 

U  o 

5j  y 
o  - 

N' 

00 


Q  §  j2  __ 

U  3  3  5 

o  2!  "o  £ 

5  ^  y  s 

**7  ^  _r-  — 

2  O'  t  C 
X  ON  c  — 

’2  3  -°  o 

5  a.  ^  .£ 

".a 

<1.11 
>N  c  C  — 

t?  £  £  « 
“  Q  S  g 
H  ^  -a  t= 
^  ^  .2  £ 


r  o  c  > 

O  L*£  C. 


o 

.c 

o 

CO 

0 

*D 

c 

CO 

2" 

5 

c 


>. 

T3 

c 

Q) 

0 


0) 

o 

O 


•g 

E 

-C 

o 

0 


* 


>>  r 

I 

-j£  *3  57 

3  Cl  y  £  r, 

£ 


rf  sD 
1/0  I/O 


oc  — 
i/O  nC  nC 


.2 

a. 


3  Q 

o  ^ 
,2  £3 
E  *0 
o  c 

0  3 

1  8 

.2  U 

a  o 
!o 

O 

.0  ■£■ 

2Z  t 

CX)  c 
c  3  2 
o—2 
•s  60  O 
0  O  3 


c 

2  o 

O  C 

o  4) 

-2  o 

O  4) 
c  £ 

C  <o 
c  ^ 
P  S 


U  C 

<< 
2  o 


£  2 


*0-2 
£  a. 
—  3 

0£> 

«  Q 

^  o 


1  g 

3  o 

o  O 
o 


u 


y; 


■g 


i  D 

;  o  _ 

£  u3 


8.' 


>  o 


!2  8. -3 

—  c/;  C 

O  o  O 
U  C*  U 


— -  (N  ro 
ro  rn  ro 


•sf  in 

rn  rn 


•— 

'o 

oc: 


u 

s 

1 

*-> 

s 


o  o>  1 
5  c  oi 
C  o§ 

O  g.? 

C  00 
>L  o  nO 

—  (N 
S3  &fl 
C  OJ  C 

53  "  s 

o  f  U 

'5  =  0 

=  G.^ 
£  8“ 
ir 
2  2"^ 
M  |  S 
£  2  ^ 
00  tS  c 
^  <u  — 
m  c  00 
ON  c  s 

£  £  c 
3  c  aj 

-=  £f 
co  o  u 
DO  £  ^ 

.  ^  u 


£  ‘3  2 

g  £  S 

_2  o  jc 

u  ^  o- 

C  00  -o 
8  .2  1 


vj  C  MX 


li 

•-  £ 
C  'S 

8  S 
3  9- 

3  C 


C  4)  O 

U  r-  1— 

Q-? 

■*  "O  0) 
p  c  « 

H  «  .h 

•S  c  73 
rs  .3  o 

J  u  i 

OT  =  •» 

«  W3 

H  ^  .5 
—  2  -o 

?3  D  C 
» 

c  4)  - 

C«  =  < 

>  L  Q 

<v> 

=  t:  o  ^ 

3  4)  <— 

w  C  §  2 

-r  -  -S  1 

■a  ^  ^  o 

§  o  1  2 

mD  *^3  C  ^  t 

£  n 

rt  l  9  \C 
-C  U  3  — 

^  C  £  O 

=7  |  §■  1 


sc  ^  ^ 
c  >,  >, 

I1 1  » 

tl  ^ 

2  c  f— 
§  •§ 

3  .£■ 

c  u  Sn 

<U  v:  X, 

P  C 

a  2  >n 

d  3 

JJ  £  ^ 

^  c  O 
u  1  1 

D  ]-  S 

£  c  - 
C  ft  « 

pj  5/5 

2  ^2- 

n  ■“  os 

sSS 
-2  2“ 
m-§  2 

JJ  f  fl 
^  5  <L> 
v;  ^  CQ 
4;  (3 


<u  c 

y;  0) 
y;  00 
<U 

8  £ 


e  e  £ 

O  O  .£ 

a.  H.  « 

y  u  c 

0  o  ^_ 
y  y  q, 

,2  2  | 

•e^l 

*  8  -S 

o 

0  tz 
c  c 


0  ^ 


C 


0  ■- 
5-  ^ 

0  « 

s  § 

£  E 

^  lm 

T3  O 

0  -C 


CL 

0 

0 

0 


CL 

0 

0 

L* 

0 

C 

o 


-0  w  0  C 

■C  ^  3  = 


s  0  & 
.£§1 


8  .5 


■o 

2  S.  '0 
0—0 
^3  0, 

cn  0  tr 


-0 
c 
o 

CL  0 
y;  -C 

0 

0 

5  3  "3 

w  .—  0 

si  -a  sj 

rr  0 

3  E 


2i  7>  > 


3 

0 

O 


0  , 
£?1E  p 
2  S  -3 


4 


After  binding  of  the  hormone,  the  hormone-receptor  complex,  as  a 
dimer,  binds  to  specific  DNA  sequences.  The  various  functions  of  the 
receptor  -  DNA  binding,  ligand  binding,  transcriptional  activation  - 
have  been  assigned  to  separate  domains  of  the  receptor.  The  unliganded 
receptor  is  maintained  in  a  nonfunctional  form  by  oligomerization  with 
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Different  Regions  in  Activation  Function- 1  of  the  Human  Estrogen 
Receptor  Required  for  Antiestrogen-  and  Estradiol-dependent 
Transcription  Activation* * * § 
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The  human  estrogen  receptor  (ER)  is  a  ligand-induc¬ 
ible  transcription  factor  that  contains  two  transcrip¬ 
tional  activation  functions,  one  located  in  the  NH2-ter- 
minal  region  of  the  protein  (AF-1)  and  the  second  in  the 
COOH-terminal  region  (AF-2).  Antiestrogens,  such  as 
fraras -hy dr oxytamoxifen  (TOT),  have  partial  agonistic 
activity  in  certain  cell  types,  and  studies  have  implied 
that  this  agonism  is  AF-1 -dependent.  We  have  made  pro¬ 
gressive  NH2-terminal  and  other  segment  deletions  and 
ligations  in  the  A/B  domain,  and  studied  the  transcrip¬ 
tional  activity  of  these  mutant  ERs  in  ER-negative  MDA- 
MB-231  human  breast  cancer  and  HEC-1  human  endo¬ 
metrial  cancer  cells.  Using  several  estrogens  and  several 
partial  agonist/antagonist  antiestrogens,  we  find  that 
estrogens  and  antiestrogens  require  different  regions  of 
AF-1  for  transcriptional  activation.  Deletion  of  the  first 
40  amino  acids  has  no  effect  on  receptor  activity.  Anti¬ 
estrogen  agonism  is  lost  upon  deletion  to  amino  acid  87, 
while  estrogen  agonism  is  not  lost  until  deletions  pro¬ 
gress  to  amino  acid  109.  Antiestrogen  agonism  has  been 
further  defined  to  require  amino  acids  41-64,  as  deletion 
of  only  these  amino  acids  results  in  an  ER  that  exhibits 
100%  activity  with  E2,  but  no  longer  shows  an  agonist 
response  to  TOT.  With  A/B-modified  receptors  in  which 
antiestrogens  lose  their  agonistic  activity,  the  antiestro¬ 
gens  then  function  as  pure  estrogen  antagonists.  Our 
studies  show  that  in  these  cellular  contexts,  hormone- 
dependent  transcription  utilizes  a  range  of  the  amino 
acid  sequence  within  the  A/B  domain.  Furthermore,  the 
agonist/antagonist  balance  and  activity  of  antiestrogens 
such  as  TOT  are  determined  by  specific  sequences 
within  the  A/B  domain  and  thus  may  be  influenced  by 
differences  in  levels  of  specific  factors  that  interact  with 
these  regions  of  the  ER. 


The  estrogen  receptor  (ER)1  is  a  ligand-inducible  transcrip¬ 
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tion  factor  that  regulates  gene  expression  through  interaction 
with  cis-acting  DNA  elements  called  estrogen  response  ele¬ 
ments  (EREs)  (for  reviews,  see  Refs.  1-5).  Like  other  steroid 
hormone  receptors,  the  ER  contains  specific  domains  responsi¬ 
ble  for  functions  leading  to  transcription  of  target  genes,  such 
as  ligand  binding,  DNA  binding,  and  transactivation  (6-8). 
The  ER  contains  two  distinct,  non-acidic  activation  functions, 
one  activation  function  at  the  NH2  terminus  (AF-1)  and  a 
second,  hormone-dependent  activation  function  at  the  COOH 
terminus  (AF-2),  in  the  hormone  binding  domain  (8-12).  AF-2 
is  highly  conserved  among  species  and  other  nuclear  hormone 
receptors  (1,  12,  13),  whereas  the  A/B  domain  at  the  amino 
terminus  of  the  ER,  which  includes  AF-1,  is  less  well  conserved 
among  different  species  and  other  nuclear  receptors  (1, 13, 14). 
The  activity  of  each  activation  function  of  ER  is  cell-  and  gene 
promoter-dependent.  AF-1  can  exhibit  transcriptional  activity 
in  the  absence  of  AF-2  (8)  in  some  cell  contents  but,  in  most  cell 
and  promoter  contexts,  both  AF-1  and  AF-2  function  in  a  syn¬ 
ergistic  manner  and  are  required  for  full  receptor  activity  (6,  8, 
15-22). 

Transactivation  of  estrogen-responsive  genes  by  ER  can  be 
antagonized  by  antiestrogens  such  as  /rarcs-hydroxytamoxifen 
(TOT)  and  ICI  164,384  (18, 19).  One  mechanism  by  which  these 
antiestrogens  inhibit  ER  action  is  by  competition  with  estradiol 
(E2)  for  binding  to  the  ER.  Although  antiestrogen-occupied  ER 
binds  estrogen  response  DNA  elements  in  cells  (23,  24),  it  is 
thought  that  antiestrogens  promote  a  conformational  change 
which  is  different  from  that  induced  by  E2  (24,  25).  Some 
antiestrogens,  like  TOT,  have  partial  agonistic  activity  in  cer¬ 
tain  cells,  such  as  chicken  embryo  fibroblasts  (CEF)  and  MDA- 
231  human  breast  cancer  cells  (18,  26).  The  cell  and  promoter 
dependence  of  TOT  agonism  has  been  attributed  to  the  cell  and 
promoter  specificity  of  AF-1  activity  (15-18).  Previous  studies 
using  chimeric  receptors  have  shown  that  TOT  is  unable  to 
induce  AF-2  activity,  but  that  TOT  can  be  a  strong  agonist  in 
cellular  and  promoter  contexts  where  AF-1  is  an  efficient  tran¬ 
scriptional  activator  (11,  18,  21). 

We  have  investigated  the  A/B  domain  of  the  ER  and  its  role 
in  the  transcriptional  activity  of  ER  elicited  by  estrogens  and 
some  antiestrogens,  and  we  find  that  different  regions  within 
this  domain  are  required  for  transcriptional  stimulation  by 
estrogen  versus  antiestrogen.  In  the  studies  presented,  we  dem¬ 
onstrate  that  a  specific  24-amino  acid  region  of  AF-1  of  the 
human  ER  is  necessary  for  agonism  by  TOT  and  other  partial 
agonist/antagonist  antiestrogens,  but  is  not  required  for  E2-de- 
pendent  transactivation.  As  a  consequence,  the  activity  of  es¬ 
tradiol  and  the  estrogen  agonist/antagonist  character  of  TOT 
depended  markedly,  but  not  always  concordantly,  on  the  se- 
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quences  present  within  the  A/B  domain  in  the  ER.  Our  studies 
show  that  in  the  context  of  the  full-length  ER,  hormone-de- 
pendent  transcription  utilizes  a  broad  range  of  sequences 
within  the  A/B  domain  and  suggest  that  differences  in  the 
agonist/antagonist  character  of  antiestrogens  observed  in  dif¬ 
ferent  cells  could  be  due  to  altered  levels  of  specific  factors  that 
interact  with  these  regions. 

MATERIALS  AND  METHODS 

Chemicals  and  Materials  —  Cell  culture  media  were  purchased  from 
Life  Technologies,  Inc.  Calf  serum  was  from  Hyclone  Laboratories  (Lo¬ 
gan,  UT)  and  fetal  calf  serum  was  from  Sigma.  [14C]Chloramphenicol 
(50-60  Ci/mmol)  was  from  DuPont  NEN.  The  antiestrogens  TOT  and 
ICI  164,384  were  kindly  provided  by  Dr.  Alan  Wakeling,  Zeneca  Phar¬ 
maceuticals,  Macclesfield,  United  Kingdom.  The  antiestrogens  2-phen- 
ylbenzofuran  (BF)  and  2-phenylbenzothiophene  (BT)  were  generously 
provided  by  Dr.  E.  von  Angerer,  University  of  Regensburg,  Germany. 

Plasmid  Constructions— The  ER  expression  vectors,  all  containing 
human  ER  (hER),  are  derivatives  of  pCMV5-hER  (27).  NH2-terminal 
deletion  mutants  N21  and  E41  were  constructed  by  replacement  of  the 
pCMV5-hER  Sstl I  fragment  with  a  PCR-generated  fragment  contain¬ 
ing  a  new  start  codon  and  an  Sstll  site  at  amino  acids  21  and  41, 
respectively.  NH2-terminal  deletion  mutants  A87  and  Ml 09  were  con¬ 
structed  by  replacement  of  the  pCMV5-hER  SsHI/Xmalll  fragment 
with  a  PCR-generated  fragment  containing  an  Sstl  I  site  at  amino  acids 
87  and  109,  respectively.  Estrogen  receptor  deleted  of  amino  acids 
41-64  (A41-64)  was  constructed  by  replacing  the  Sstl  I  fragment  of 
pCMV5-hER  (containing  residues  1-64)  with  a  PCR-generated  frag¬ 
ment  containing  residues  1-40  with  an  Sstl  I  site  after  amino  acid  40. 
A87-108  was  constructed  by  inserting  a  PCR-generated  fragment  con¬ 
taining  an  Sstf  I  site  at  amino  acid  87  into  the  Sstll  site  of  M109  and 
insertion  of  the  Xmalll  fragment  from  this  construct  to  replace  the 
Xmalll  fragment  of  pCMV5-hER.  41-66-CDEF  was  constructed  by 
replacing  the  Xmalll  fragment  of  E41  with  a  PCR-generated  fragment 
containing  an  Xmalll  site  at  amino  acid  180.  41-87-CDEF  was  con¬ 
structed  by  replacing  the  Xmalll  fragment  from  pCMV5-hER  with  two 
PCR-generated  fragments,  amino  acids  41-87  and  amino  acids  180- 
311  containing  Bglll  sites  at  amino  acids  88  and  179.  41-109-CDEF 
was  constructed  in  a  similar  manner  to  41-87-CDEF  with  a  PCR- 
generated  fragment,  amino  acids  41-109,  containing  a  Bglll  site  at 
amino  acid  110.  AAB  ER  was  constructed  as  described  previously  (28). 
The  sequences  of  all  ER  mutants  utilized  were  confirmed  by  dideoxy 
sequencing  methods  to  assure  accuracy.  The  (ERE)3-pS2-chloramphen- 
icol  acetyltransferase  (CAT)  reporter  was  constructed  as  described  pre¬ 
viously  (27).  The  plasmid  pCMV/3,  which  contains  the  0-galactosidase 
gene,  was  used  as  an  internal  control  for  transfection.  The  plasmid 
pTZ19R,  used  as  carrier  DNA,  was  provided  by  Dr.  Byron  Kemper  of  the 
University  of  Illinois. 

Cell  Culture  and  Transient  Transfections— MDA-MB-231  human 
breast  cancer  cells  were  maintained  in  Leibovitz’s  L-15  Medium  with  10 
mM  HEPES,  5%  calf  serum,  100  units  of  penicillin/ml  (Life  Technolo¬ 
gies,  Inc.),  100  fig  of  streptomycin/ml  (Life  Technologies,  Inc.),  25  fig  of 
gentamycin/ml,  6  ng  of  bovine  insulin/ml,  3.75  ng  of  hydrocortisone/ml, 
and  16  fig  of  glutathione/ml.  Human  endometrial  cancer  (HEC-1)  cells 
were  maintained  in  minimum  essential  medium  plus  phenol  red  sup¬ 
plemented  with  5%  calf  serum  and  5%  fetal  calf  serum,  100  units  of 
penicillin/ml  (Life  Technologies,  Inc.),  and  100  fig  of  streptomycin/ml 
(Life  Technologies,  Inc.).  MDA-231  cells  or  HEC-1  cells  were  grown  in 
minimum  essential  medium  plus  phenol  red  supplemented  with  5% 
charcoal/dextran-treated  calf  serum  for  2  days  prior  to  transfection. 
Cells  were  plated  at  a  density  of  3  X  106  cells/100-mm  dish  in  phenol 
red-free  Improved  minimal  essential  medium  and  5%  charcoal/dextran- 
treated  calf  serum  and  were  given  fresh  medium  24  h  before  transfec¬ 
tion.  All  cells  for  transfection  were  maintained  at  37  °C  in  a  humidified 
C02  atmosphere.  Cells  were  transiently  transfected  by  the  CaP04  co¬ 
precipitation  method  (29).  One  ml  of  precipitate  contained  0.8  fig  of 
pCMV/3  as  internal  control,  6  fig  of  an  ERE-containing  reporter  plasmid 
(ERE)3-pS2-CAT,  100  ng  of  ER  expression  vector,  and  pTZ19R  carrier 
DNA  to  a  total  of  15  fig  of  DNA.  Cells  remained  in  contact  with  the 
precipitate  for  4  h  and  were  then  subjected  to  a  2.5-min  glycerol  shock 
(20%  in  transfection  medium).  Cells  were  rinsed  with  Hanks’  balanced 
salt  solution  and  given  fresh  medium  with  hormone  treatment  as 
indicated. 

Promoter  Interference  Assays  —  MDA-MB-231  cells  were  transiently 
transfected  with  2  fig  of  CMV-(ERE)2-CAT  reporter  plasmid  (23),  0.8  fig 
of  pCMV/3,  12.2  fig  of  pTZ19R,  and  100  ng  of  ER  expression  vector/ 
100-mm  dish  of  cells.  Cells  were  treated  as  described  previously  for 


transient  transfection,  and  CAT  assays  were  performed  on  cell  extract^. 

Immunoblot  Assays  -COS-1  cells  were  transfected  in  100-mm  dishes 
with  10  fig  of  expression  vector  for  wild  type  ER  or  ER  derivatives  and 
5  fig  of  pTZ19R  carrier  plasmid.  Whole  cell  extracts  were  collected  by 
centrifugation  and  fractionated  on  a  polyacrylamide  gel.  Proteins  were 
transferred  to  nitrocellulose  and  immunoblots  were  performed  using 
ER  monoclonal  antibody  H222  as  described  previously  (30). 

RESULTS 

Different  Regions  in  the  A/B  Domain  Are  Important  for  Es¬ 
tradiol-  and  trans-Hydroxytamoxifen-dependent  Transcrip¬ 
tional  Activity  —  Our  studies  were  aimed  at  identifying  regions 
within  the  A/B  domain  that  are  responsible  for  E2-dependent 
transcription  and  for  antiestrogen  agonism.  We  have  generated 
ER  derivatives  that  contain  increasing  NH2-terminal  deletions 
or  other  deletional  changes  in  the  A/B  domain.  Fig.  1  shows  the 
structure  of  the  ER  derivatives  used  in  this  study  and  the 
relative  expression  levels  of  the  receptors  observed  in  cells. 
Western  immunoblot  analysis  showed  that  receptors  of  the 
predicted  sizes  were  being  produced  in  the  cells  and  that  all  of 
the  A/B  domain  altered  receptors  (Fig.  IB)  were  expressed  at 
levels  very  similar  to  that  of  the  wild  type  ER. 

These  ER  mutants  were  then  analyzed  for  their  ability  to 
transactivate  an  ERE-containing  pS2  promoter-reporter  gene 
in  ER-negative  MDA-231  human  breast  cancer  cells.  Wild  type 
ER  or  receptors  with  deletions  of  amino  acids  1-20  (N21),  1-40 
(E41),  1-86  (A87),  1-108  (M109),  or  1-179(AAB)  were  tran¬ 
siently  transfected  into  MDA-231  cells,  and  transcriptional 
activity  was  measured  in  response  to  increasing  concentrations 
of  E2.  ER  mutants  N21,  E41,  and  A87  showed  dose-response 
curves  for  transcriptional  activity  virtually  identical  to  that 
observed  with  wild  type  ER  (Fig.  2A).  In  contrast,  deletion  of 
the  first  108  amino  acids  resulted  in  receptors  that  showed  a 
great  loss  of  activity;  M109  receptors  showed  only  about  20%  of 
wild  type  ER  transcriptional  activity  at  10-8  m  E2j  suggesting 
that  residues  between  amino  acid  87  and  108  are  important  for 
estradiol-stimulated  activity.  Deletion  of  the  complete  A/B  do¬ 
main  (amino  acids  1-179)  gave  a  receptor  that  showed  no 
activity  in  this  cell  system. 

Similar  studies  were  conducted  using  the  NH2-terminal  de¬ 
letion  mutants  to  examine  transcriptional  response  to  the  tri- 
phenylethylene  compound  £rans-hydroxytamoxifen,  TOT  (Fig. 
2 B).  MDA-231  cells  were  again  used  in  these  studies,  since  with 
wild  type  ER,  TOT  behaves  as  a  relatively  strong  agonist.  TOT 
(10  7  m)  stimulates  transcriptional  activity  to  approximately 
30%  the  level  evoked  by  maximal  (10-8  m)  E2  stimulation. 
Compared  with  the  wild  type  ER,  deletion  of  amino  acids  1-20 
or  1-40  had  no  effect  on  either  the  E2  response  or  TOT  ago¬ 
nism.  However,  deletion  of  amino  acids  1-86,  which  had  no 
effect  on  E2-induced  activity,  abolished  TOT  agonism  com¬ 
pletely  (Fig.  2B).  The  further  deleted  mutant,  Ml 09,  which  was 
transcriptionally  impaired  in  response  to  E2  treatment,  did  not 
exhibit  any  measurable  response  to  TOT.  The  loss  of  TOT 
agonism  observed  selectively  with  the  A87  mutant  suggested 
that  sequences  between  41  and  87  may  be  important  contrib¬ 
utors  to  TOT  agonism,  but  are  not  essential  for  the  response  to 

e2- 

Deletion  mutant  A41-64,  which  lacks  only  amino  acids  41- 
64,  was  constructed  and  tested  for  its  transactivation  ability  in 
response  to  E2  and  TOT.  A41-64  retained  100%  of  wild  type 
E2-dependent  activity  (Fig.  2C)  yet  displayed  no  measurable 
response  to  TOT  (Fig.  2D).  These  results  are  consistent  with 
the  loss  of  TOT  response  with  the  A87  mutant  as  they  implicate 
residues  41-64  as  a  major  contributor  to  TOT  agonism  but  not 
to  E2  response. 

A/B  Deletion  Mutants  Exhibit  Differential  Response  to  Other 
Estrogens  and  Antiestrogens  —  Further  examination  ofthe  ligand- 
dependent  transcriptional  activity  of  these  mutants  revealed 
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Fig.  1.  Structure  and  expression  of  ER  derivatives.  A,  the  functional  domains  (A/B,  C,  D,  E,  F)  and  activation  functions  (AF-1  and  AF-2) 
of  ER  are  shown  at  the  top  along  with  schematics  for  the  A/B  domain  mutants  studied  in  this  report.  The  values  to  the  right  of  the  receptor 
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Fig.  2.  Transcriptional  activation 
by  wild  type  ER  and  A/B  domain  de¬ 
letion  ER  mutants.  ER-negative  MDA- 
231  cells  were  transfected  with  expres¬ 
sion  vector  for  wild  type  or  mutant  ER 
and  a  (ERE)3-pS2-CAT  reporter  gene. 
Cells  were  treated  with  increasing  con¬ 
centrations  of  E2  (A  and  C)  or  TOT  (B  and 
D )  for  24  h.  CAT  activity  was  normalized 
for  /3-galactosidase  activity  from  an  inter¬ 
nal  control  plasmid.  Values  represent  the 
mean  ±  S.E.  for  three  or  more  determina¬ 
tions  and  are  expressed  as  a  percentage  of 
wild  type  ER  response  with  10  “8  M  E2  or 
10  ~7  M  TOT.  For  some  values,  error  bars 
are  too  small  to  be  visible.  Wild  type  ER 
showed  a  —100-fold  and  30-fold  induction 
of  CAT  activity  in  response  to  10“8  M  E2  or 
10-7  m  TOT,  respectively. 


Estradiol  Cone,  (log  M) 


that  another  full  estrogen,  the  resorcylic  lactone  P1496  (31), 
showed  a  pattern  of  activity  identical  to  that  observed  with  E2. 
Like  E2,  transcriptional  response  to  P1496  was  fully  retained 
in  N21,  E41,  and  A87  receptors,  but  was  impaired  with  the 
deletion  of  the  first  108  residues  (Fig.  3A).  Similar  results  to 
those  seen  with  TOT  were  observed  with  the  antiestrogen 
compounds  BF  and  BT  (32).  Like  TOT,  these  heterocycle-based 
antiestrogens  were  significant  agonists,  evoking  transcrip¬ 
tional  activity  that  was  similar  in  magnitude  to  that  obtained 
with  TOT  (—30%  of  E2  stimulation).  As  seen  in  Fig.  3A,  anti¬ 
estrogen  stimulation  of  CAT  activity  was  lost  with  the  mutants 
A87  and  A41-64  for  the  three  antiestrogen  compounds  (TOT, 
BF,  and  BT),  while  estrogen  (E2  and  P1496)  stimulation  of 
transcriptional  activity  was  still  maintained  maximally  in 
these  two  constructs.  No  stimulation  of  wild  type  ER  or  any  ER 
mutants  was  seen  with  the  pure  antiestrogen  ICI  164,384  (data 
not  shown). 

These  A/B  domain  mutants  were  also  tested  in  a  different 
cell  background  utilizing  an  ER-negative  human  endometrial 
cancer  cell  line  (HEC-1  cells).  In  these  cells,  wild  type  ER  also 
responds  to  TOT  as  an  agonist,  showing  about  30-40%  of  wild 
type  E2  response  (Fig.  3 B).  Similar  results  to  those  seen  previ¬ 
ously  in  MDA-231  breast  cancer  cells  were  observed  with  the 
A/B  domain  deletion  mutants  in  these  endometrial  cancer  cells; 
both  A87  and  A41-64  receptors  retained  full  wild  type  tran¬ 
scriptional  activity  in  response  to  E2  but  did  not  exhibit  any 
response  to  TOT.  These  results  demonstrate  again  that  a  re¬ 
gion  between  amino  acids  40  and  65  is  critical  for  TOT  agonism 
yet  is  not  required  for  E2-dependent  transcription. 

Specific  Regions  in  the  A/B  Domain  Are  Required  to  Support 
TOT  Agonism  —  Since  TOT  was  not  a  full  estrogen  agonist  in 


these  assays,  and  is  known  to  show  mixed  estrogen  agonist  and 
antagonist  activity  in  many  cells  (15-18),  we  also  examined  the 
antagonist  activity  of  TOT  and  how  this  was  impacted  by 
changes  in  the  A/B  domain  of  ER  (Fig.  4).  TOT  agonism  was 
apparent  in  wild  type  ER,  N21,  and  E41  receptors  and,  in  these 
three  receptors,  TOT  (at  a  10-fold  excess  concentration  relative 
to  that  of  E2)  was  also  able  to  suppress  E2-stimulated  activity 
to  that  of  its  own  inherent  level  of  agonism  (z.e.  approximately 
30%  of  the  E2-stimulated  level).  Thus,  with  these  receptors, 
this  compound  showed  partial  agonist  and  partial  antagonist 
activity.  Of  interest,  in  the  A87,  Ml 09,  and  A41-64  receptors 
where  TOT  showed  no  agonistic  activity,  TOT  behaved  as  a 
pure  antiestrogen  and  was  now  a  complete  antagonist  of  the  E2 
stimulation.  Thus,  the  agonist/antagonist  character  of  the  an¬ 
tiestrogen  TOT  differed  with  the  nature  of  the  ER  A/B  domain. 

Deletions  in  the  A! B  Domain  Do  Not  Affect  Receptor  Level  or 
DNA  Binding—  Since  certain  A/B  deletion  mutants  exhibited  a 
differential  response  to  estrogens  and  antiestrogens,  the  levels 
of  these  receptors  and  the  DNA  binding  abilities  of  these  mu¬ 
tant  ERs  were  determined  following  exposure  to  E2  or  TOT  in 
order  to  determine  whether  differences  in  response  to  these  two 
ligands  might  be  attributable  to  ligand-induced  alteration  in 
receptor  stability  or  DNA  binding  ability.  As  seen  in  Fig.  5A, 
levels  of  wild  type  ER,  A41-64  ER  and  A87  ER  were  similar 
following  cell  treatment  with  E2  or  TOT.  Thus,  differential 
turnover  of  these  receptor  proteins  in  response  to  TOT  versus 
E2  is  not  likely  to  explain  the  very  different  transcriptional 
response  of  these  receptors  to  these  two  ligands. 

DNA  binding  studies  were  conducted  with  several  of  the 
mutants  by  use  of  a  promoter  interference  assay,  in  order  to 
assess  whether  differences  in  DNA  binding  of  the  TOT-ER 


schematics  indicate  the  transcriptional  activity  of  the  receptors  in  response  to  10~8  m  E2  or  10  7  M  TOT  and  summarize  data  that  are  derived  from 
dose  response  experiments  detailed  later  in  this  paper.  the  expression  of  wild  type  and  mutant  estrogen  receptors  from  cytomegalovirus 
promoter-containing  expression  vectors  was  determined  following  transfection  into  ER-negative  COS-1  cells.  Equal  amounts  of  protein  were  used 
and  immunoblotting  was  done  with  the  anti-ER  monoclonal  antibody  H222. 
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Fig.  3.  Transcriptional  activation  by  wild  type  ER  and  A/B 
domain  deletion  ER  mutants  in  response  to  two  estrogens  and 
three  antiestrogens.  A,  MDA-231  breast  cancer  cells  were  transfected 
with  ER  expression  vectors  and  a  (ERE)3-pS2-CAT  reporter  gene.  Cells 
were  treated  for  24  h  with  either  10“8  M  E2,  10"7  m  P1496, 10“7  M  TOT, 
10~7  M  BF,  or  10-7  M  BT  as  indicated.  B,  ER-negative  HEC-1  human 
endometrial  cancer  cells  were  transfected  with  ER  expression  vectors 
and  a  (ERE)3-pS2-CAT  reporter  gene  and  treated  with  either  10~8  M  E2 
or  10  7  M  TOT.  CAT  activity  was  determined  as  described  in  the  legend 
to  Fig.  2.  Values  are  the  mean  ±  S.E.  for  three  or  more  determinations 
from  separate  experiments.  Some  error  bars  are  too  small  to  be  visible. 


versus  E2*ER  complexes  might  explain  their  different  tran¬ 
scriptional  efficacy  (Fig.  5 B).  This  promoter  interference  assay 
measures  the  ability  of  ER  to  bind  to  ERE  DNA  in  intact  cells 
(23).  Binding  of  ER  to  the  ERE  is  assayed  by  assessing  the 
ability  of  ERE-bound  ER  to  block  transcription  from  the  con- 
stitutively  active  cytomegalovirus  (CMV)  promoter,  with  the 
repression  of  CAT  activity  being  a  measure  of  the  binding  of  ER 
to  the  ERE-containing  promoter.  A87,  which  responds  to  E2  but 
not  to  TOT,  and  M109,  which  is  impaired  in  both  E2-  and 
TOT-dependent  activity,  were  both  able  to  bind  to  the  EREs 
and  to  interfere  with  promoter  activity  to  the  same  extent  as 
the  wild  type  ER  (Fig.  5£).  Therefore,  differences  in  E2-  and 
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Fig.  4.  The  antiestrogen  TOT  is  an  estrogen  agonist  and  an¬ 
tagonist,  with  its  agonist/antagonist  balance  dependent  on  the 
particular  ER  protein.  ER-negative  MDA-231  cells  were  transfected 
with  expression  vector  for  wild  type  or  A/B  domain  ER  mutants  and  a 
(ERE)3-pS2-CAT  reporter  gene.  Cells  were  treated  for  24  h  with  10-8  m 
E2  or  10“7  M  TOT  alone  or  in  combination  (10~8  M  E2  and  10-7  M  TOT). 
CAT  activity  was  analyzed  as  described  in  the  legend  to  Fig.  2.  Values 
are  the  mean  ±  S.E.  for  three  or  more  determinations  from  separate 
experiments.  Some  error  bars  are  too  small  to  be  visible. 

TOT-dependent  transactivation  exhibited  by  these  ER  deriva¬ 
tives  do  not  appear  to  be  caused  by  differences  in  receptor 
protein  level  or  by  differential  DNA  binding. 

Residues  41-109  Encompass  Sequences  Important  for  Both 
Estradiol-  and  TOT-dependent  Transcription— Additional 
analysis  of  the  A/B  region  was  made  to  further  characterize 
sequences  important  for  E2-  and  TOT-dependent  transcription. 
Since  transcriptional  response  to  E2  was  almost  completely  lost 
in  going  from  the  A87  to  the  M109  ER,  we  wished  to  directly 
assess  the  importance  of  amino  acids  87-108  in  E2-dependent 
activity.  To  do  so,  we  tested  an  ER  mutant  lacking  only  amino 
acids  87-108  (A87-108).  Full  dose-response  studies  employing 
10-12  to  10-7  m  E2  and  10-11  to  10-6  M  TOT  were  conducted  for 
this  mutant  and  all  other  mutants  described  below,  as  done  for 
the  mutant  ERs  shown  in  Fig.  2.  The  dose-response  curves  are 
not  shown,  but  the  findings  at  10-8  M  E2  and  10 “7  M  TOT  are 
summarized  in  Fig.  1A.  Deletion  of  residues  87-108  resulted  in 
only  a  —30%  decrease  in  E2-stimulated  transcriptional  activity 
(Fig.  1A,  entry  7).  From  these  results,  it  appears  that  E2-de- 
pendent  transcription  is  supported  by  sequences  outside  of  the 
87-108  region  of  the  A/B  domain,  as  deletion  of  only  these 
amino  acids  is  not  sufficient  to  reduce  the  transcriptional  ac¬ 
tivity  to  the  level  observed  with  M109. 

Further  analysis  of  the  A/B  region  was  made  using  segment 
ligated  mutants  (Fig.  1A,  entries  8-10).  To  examine  the  region 
between  residues  40  and  65,  which  were  required  for  TOT 
agonism,  we  constructed  a  segment  ligated  ER  derivative,  41- 
66-CDEF,  containing  only  amino  acids  41-66  of  the  A/B  do¬ 
main  linked  directly  to  the  intact  ER  domains  C  through  F  and 
assayed  this  receptor  for  its  ability  to  transactivate  an  ERE- 
containing  reporter  gene  in  the  presence  of  E2  or  TOT.  This 
mutant  was  surprising  in  its  ability  to  activate  the  reporter 
gene  to  approximately  40%  of  the  wild  type  ER  in  response  to 
E2  (Fig.  LA,  entry  8),  even  though  deletion  of  amino  acids  41-64 
resulted  in  no  change  in  E2-stimulated  activity.  The  ER  mutant 


Estrogen  Receptor  Activation  Function-1 


24177 


WT  A41-64  A87 

l - 1  l - 1  l  l 

e2  tot  e2  tot  e2  tot 


T  T  T  T  T  T 


B 


Fig.  5.  Protein  levels  and  DNA-binding  abilities  of  wild  type 
ER  and  ER  mutants  treated  with  estrogen  or  antiestrogen.  A, 

levels  of  wild  type  ER  and  ER  mutants  were  examined  following  trans¬ 
fection  and  treatment  of  COS-1  cells  with  either  10  “8  M  E2  or  10“ 7  M 
TOT  for  24  h.  Immunoblotting  was  done  with  the  anti-ER  monoclonal 
antibody  H222.  B,  MDA-231  cells  were  transfected  with  the  constitu- 
tively  active  CMV-(ERE)2-CAT  promoter  interference  plasmid  and  wild 
type  ER  or  mutant  ERs.  Cells  were  treated  with  control  vehicle,  10“8  M 
E2,  or  10“ 7  m  TOT,  and  CAT  activity  was  analyzed  as  described  in  the 
legend  to  Fig.  2.  Values  are  the  mean  ±  S.E.  for  three  or  more  deter¬ 
minations  from  separate  experiments.  For  some  values,  error  bars  are 
too  small  to  be  visible. 


41-66-CDEF,  however,  exhibited  no  measurable  response  to 
TOT.  This  suggests  that  residues  41-64  are  necessary  for  TOT 
agonism,  but  that  they  alone  are  not  sufficient  for  T.OT-directed 
transcription.  Extension  of  the  A/B  domain  toward  the  COOH 
terminus  (Fig.  LA,  entry  9)  to  include  amino  acids  41-87  (41- 
87-CDEF)  did  not  result  in  any  increase  in  E2-  or  TOT-depend- 
ent  transcription  compared  with  41-66-CDEF.  However,  ex¬ 
tension  to  amino  acid  109  (41-109-CDEF)  did  result  in  a  2-fold 
increase  in  E2-dependent  transcriptional  activity  compared 
with  41-66-CDEF  and  a  dramatic  increase  in  TOT  agonism 
such  that  the  activity  measured  was  approximately  80%  of  wild 
type  ER  activity  for  both  E2  and  TOT  (Fig.  LA,  entry  10).  This 
indicates  that  the  region  encompassing  residues  41-109  con¬ 
tains  almost  all  of  the  A/B  domain  sequence  needed  both  for  E2 
and  TOT  stimulatory  activity. 

Interestingly,  the  transcriptional  activity  of  80%  observed 
with  41-109-CDEF  is  in  agreement  with  the  observation  that 
only  20%  of  wild  type  E2-stimulated  activity  is  retained  upon 
deletion  of  the  first  108  residues.  These  results  suggest  that 
residues  87-108  play  a  significant  role  in  E2-stimulated  tran¬ 


scriptional  activity  but  are  supported  by  other  sequences  in  the 
A/B  domain.  This  is  highlighted  by  the  A87-108  mutant  (Fig. 
LA,  entry  7),  which  lacks  residues  87-108  in  the  A/B  domain. 
This  mutant  is  only  weakly  impaired  in  response  to  E2  and 
TOT  compared  with  wild  type  ER,  consistent  with  residues 
41-109  being  important  for  full  AF-1  function.  Together,  these 
results  demonstrate  that  E2-  and  TOT-dependent  transcription 
utilizes  other  flanking  sequences  beyond  amino  acids  87-108 
within  the  A/B  domain  to  achieve  full  receptor  activity.  These 
required  regions  could  serve  as  a  portion  of  the  activation 
function  or  could  serve  a  structural  purpose,  perhaps  maintain¬ 
ing  proper  three-dimensional  structure  of  the  receptor  protein. 

DISCUSSION 

The  human  estrogen  receptor  contains  two  transcriptional 
activation  functions,  AF-1  located  in  the  A/B  domain  and  AF-2 
in  the  hormone-binding  domain.  Both  transcriptional  activa¬ 
tion  functions  act  in  a  promoter-  and  cell  type-dependent  man¬ 
ner.  The  amino  acid  sequences  of  these  activation  functions  are 
not  similar  to  other  known  activation  sequences,  so  elucidation 
of  their  precise  mechanism  of  action  is  of  interest.  Our  studies 
have  defined  AF-1  regions  within  the  A/B  domain  of  ER  that 
support  the  transcriptional  response  to  estrogens  (E2,  P1496) 
and  those  that  support  the  transcriptional  response  to  several 
antiestrogens.  While  considerable  overlap  in  the  transcription¬ 
supporting  regions  is  observed  for  both  categories  of  ligands, 
we  found  that  there  are  some  distinct  sequence  requirements. 

There  are  limitations  in  the  applications  of  mutational  meth¬ 
ods  to  precisely  define  regions  of  the  A/B  domain  that  support 
the  transcriptional  agonism  of  these  different  ligands,  as  these 
activities  appear  to  be  distributed  over  more  than  one  discrete 
segment.  To  address  these  issues  we  have,  in  fact,  made  three 
different  types  of  alterations  in  the  A/B  domain,  namely  pro¬ 
gressive  NH2-terminal  deletions,  segmental  deletions,  and  seg¬ 
mental  ligations.  In  many  cases,  we  obtained  consistent  results 
regarding  the  transcription-supporting  role  of  a  particular  re¬ 
gion  of  the  A/B  domain  by  making  the  different  types  of  muta¬ 
tions;  however,  we  did  not  always  get  identical  results  using  all 
three  approaches. 

When  making  progressive  NH2-terminal  deletions,  TOT  ago¬ 
nism  is  lost  when  the  A/B  domain  is  truncated  from  E41  to  A87, 
whereas  the  effect  of  E2  is  reduced  only  upon  further  deletion  to 
M109.  Therefore,  TOT  agonism  appears  to  require  a  region 
between  residues  41-86,  whereas  E2  induction  requires  the 
87-108  sequence.  Segmental  deletion  of  residues  41-64  does, 
in  fact,  eliminate  TOT  agonism  without  affecting  E2  induction. 
However,  the  87-108  segmental  deletion,  which  has  a  limited 
effect  on  TOT  agonism,  causes  only  a  modest  reduction  in  E2 
induced  transcription.  Thus,  whereas  the  region  87-108  ap¬ 
pears  to  be  critical  to  the  E2  effect  in  the  absence  of  residues 
1-86  ( i.e .  by  progressive  NH2-terminal  deletion),  it  appears 
that  much  of  the  E2  effect  can  be  supported  by  the  1-86  seg¬ 
ment  (perhaps  together  with  the  109-180  segment)  that  is  still 
present  in  the  A87-108  segment-deleted  mutant.  The  segment 
ligation  approach  confirms  the  importance  of  the  41-109  re¬ 
gion,  as  this  segment  alone  restores  most  of  the  agonistic  effect 
of  TOT  and  gives  nearly  full  induction  with  E2.  It  is  clear  from 
our  findings  that  distinctly  different  regions  of  the  A/B  domain 
are  responsible  for  supporting  the  transcriptional  activation 
induced  by  E2  and  the  agonism  effected  by  TOT  and  that  in 
certain  situations  these  regions  may  act  in  concert  with  other 
A/B  segments. 

Metzger  et  al.  (21)  analyzed  the  role  of  A/B  sequences  in 
chicken  embryo  fibroblast  (CEF)  and  yeast  cells  in  which  AF-1 
is  able  on  its  own  to  stimulate  trans activation.  They  observed 
in  CEF  cells  that  deletion  of  the  first  —60  or  80  residues 
resulted  in  a  decrease  in  E2-stimulated  transcription  of  40  and 
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70%,  respectively.  In  our  studies  in  231  human  breast  cancer 
and  HEC-1  human  endometrial  cancer  cells,  deletion  of  the 
first  40  amino  acids,  had  no  effect  on  transcriptional  activity, 
while  deletion  of  the  first  108  amino  acids  nearly  completely 
eliminated  transcriptional  response  to  E2.  Response  to  E2  was 
fully  retained  in  our  A87  mutant,  yet  this  mutant  lost  its  ability 
to  respond  to  TOT.  In  this  and  some  other  A/B  domain  mutants, 
we  observed  considerable  differences  in  the  ability  of  TOT 
versus  E2  to  stimulate  transcription,  whereas  in  the  several 
mutants  analyzed  for  response  to  E2  and  TOT  in  CEF  cells, 
which  contained  deletions  of  only  certain  NH2-  or  COOH-ter- 
minal  portions  of  the  A/B  domain,  differences  between  E2  and 
TOT  were  not  seen.  The  differences  in  our  findings  and  those  of 
Metzger  et  al.  (21)  may  reflect  differences  in  the  cell  types  and 
promoters  studied,  but  may  also  reflect  the  fact  that  deletions 
in  only  the  central  portion  of  the  A/B  domain  were  not  studied 
by  Metzger  et  al.  (21). 

Tamoxifen  is  well  known  to  show  cell-  and  gene-specific 
agonism,  being  a  relatively  pure  estrogen  antagonist  in  some 
cells,  and  a  partial  agonist/antagonist  or  a  relatively  strong 
agonist  in  others  (5,  22).  Our  current  findings  suggest  that 
cellular  processes  that  impinge  on  the  specific  A/B  domain 
sequences  we  have  identified  should  be  key  determinants  of 
whether  ligands  such  as  tamoxifen  will  function  as  agonists, 
antagonists,  or  partial  agonists/antagonists  in  any  specific  cell 
system.  In  a  recent  study,  we  have  shown  that  the  binding  of 
both  estrogens  and  antiestrogens  to  ER  promotes  an  interac¬ 
tion  between  AF-1  in  the  A/B  domain  and  AF-2  in  domain  E 
(27).  This  AF-l/AF-2  interaction  appears  to  be  an  essential 
prerequisite  for  the  competence  of  ER-ligand  complexes  to  in¬ 
duce  transcription.  It  is  known  that  there  are  conformational 
differences  in  ER-estrogen  and  ER-antiestrogen  complexes  (24, 
25,  33),  which  are  presumed  to  occur  in  the  ligand  binding  AF-2 
region.  Since  the  interaction  of  AF-2  with  AF-1  is  required  for 
optimal  transcriptional  activity  in  the  cell  contexts  we  have 
examined,  it  is  not  surprising  that  distinctly  different  se¬ 
quences  within  AF-1  are  involved  in  supporting  the  transcrip¬ 
tion  activation  induced  by  these  different  ligand  classes. 

The  mechanisms  by  which  ligand-induced  AF-l/AF-2  inter¬ 
action  occurs  or  by  which  ER-ligand  complexes  are  able  to  elicit 
gene  transcription  are  not  well  understood.  These  activation 
functions  have  been  shown  to  have  squelching  effects  on  their 
own  activity  and  on  acidic  activators  (9).  This  transcriptional 
interference  provides  evidence  that  AF-1  and  AF-2  interact 
with  a  titratable  cellular  factor(s)  indispensable  for  different 
classes  of  activation  functions  (8,  9).  A  number  of  activation 
function-interacting  proteins  may  be  involved  in  these  proc¬ 
esses  (Ref.  22  and  references  therein)  and  may  account,  as  well, 
for  the  varying  levels  of  agonism  that  TOT  displays  in  different 
cells  and  on  different  promoters.  For  example,  in  systems  in 
which  TOT  has  agonist  activity,  a  co-regulator  or  transcription 
factor  that  interacts  specifically  with  the  41-64  region  of  AF-1 
in  the  ER-TOT  complex  may  support  transcription,  whereas 
systems  in  which  TOT  is  a  pure  antagonist  may  lack  this  factor. 
E2-induced  transcription,  which  operates  via  somewhat  differ¬ 
ent  AF-1  sequences,  may  not  utilize  this  factor  or  may  utilize 


other  factors.  Our  identification  of  differences  in  the  sequences 
within  ER  that  are  required  for  TOT  versus  estradiol  agonism 
should  aid  in  elucidating  the  underlying  mechanisms  regulat¬ 
ing  the  cell-specific  pharmacology  and  biocharacter  of 
antiestrogens. 
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ABSTRACT  The  estrogen  receptor  (ER),  a  member  of  a 
large  superfamily  of  nuclear  hormone  receptors,  is  a  ligand- 
inducible  transcription  factor  that  regulates  the  expression  of 
estrogen-responsive  genes.  The  ER,  in  common  with  other 
members  of  this  superfamily,  contains  two  transcription 
activation  functions  (AFs) — one  located  in  the  amino- 
terminal  region  (AF-1)  and  the  second  located  in  the  carboxyl- 
terminal  region  (AF-2).  In  most  cell  contexts,  the  synergistic 
activity  of  AF-1  and  AF-2  is  required  for  full  estradiol  (E2)- 
stimulated  activity.  We  have  previously  shown  that  a  ligand- 
dependent  interaction  between  the  two  AF-containing  regions 
of  ER  was  promoted  by  E2  and  the  antiestrogen  trans- 
hydroxy tamoxifen  (TOT).  This  interaction,  however,  was 
transcriptionally  productive  only  in  the  presence  of  E2.  To 
explore  a  possible  role  of  steroid  receptor  coactivators  in 
transcriptional  synergism  between  AF-1  and  AF-2,  we  ex¬ 
pressed  the  amino  terminal  (AF-l-containing)  and  carboxyl- 
terminal  (AF-2-containing)  regions  of  ER  as  separate 
polypeptides  in  mammalian  cells,  along  with  the  steroid 
receptor  coactivator-1  protein  (SRC-1).  We  demonstrate  that 
SRC-1,  which  has  been  shown  to  significantly  increase  ER 
transcriptional  activity,  enhanced  the  interaction,  mediated 
by  either  E2  or  TOT,  between  the  AF-l-containing  and  AF-2- 
containing  regions  of  the  ER.  However,  this  enhanced  inter¬ 
action  resulted  in  increased  transcriptional  effectiveness  only 
with  E2  and  not  with  TOT,  consistent  with  the  effects  of  SRC-1 
on  the  full-length  receptor.  Our  results  suggest  that  after 
ligand  binding,  SRC-1  may  act,  in  part,  as  an  adapter  protein 
that  promotes  the  integration  of  amino-  and  carboxyl- 
terminal  receptor  functions,  allowing  for  full  receptor  activa¬ 
tion.  Potentially,  SRC-1  may  be  capable  of  enhancing  the 
transcriptional  activity  of  related  nuclear  receptor  superfam¬ 
ily  members  by  facilitating  the  productive  association  of  the 
two  AF-containing  regions  in  these  receptors. 


The  estrogen  receptor  (ER)  is  a  66-kDa,  ligand-inducible 
transcription  factor  that  regulates  the  transcription  of  estro¬ 
gen-responsive  genes  (for  reviews  see  refs.  1-3).  Like  other 
steroid  hormone  receptors,  the  ER  is  a  modular  protein  that 
can  be  divided  into  separable  domains  with  specific  functions, 
such  as  ligand  binding,  dimerization,  DNA  binding,  and  trans¬ 
activation  (4-7).  In  addition  to  a  centrally  located  C  domain, 
corresponding  to  the  DNA  binding  domain,  the  ER  contains 
two  distinct  activation  functions  (AFs;  refs.  6-9).  The  AF 
located  in  the  amino-terminal  A/B  domain  is  termed  AF-1, 
and  a  second,  hormone-dependent  AF  (AF-2)  is  located  in  the 
E  domain  along  with  the  hormone  binding  function  of  ER. 
AF-1  and  AF-2  function  in  a  synergistic  manner  and  are 
required  for  full  ER  activity  in  most  cell  contexts  (7,  10,  11). 
Like  other  activation  domains,  the  AFs  of  ER  are  thought  to 
be  important  targets  for  basal  transcriptional  factors  or  specific 
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cellular  proteins  that  function  as  coactivators.  The  activity  of 
each  AF  of  ER  varies  in  different  cellular  contexts,  and  these 
AFs  have  been  shown  to  have  squelching  effects  on  their  own 
activity  and  on  the  activity  of  other  receptors  (9),  providing 
evidence  that  AF-1  and  AF-2  interact  with  cellular  proteins, 
which  may  be  distinct  from  the  basal  transcription  factors. 

Previously,  we  have  shown  that  when  the  amino-terminal 
region  (ABCD)  and  the  carboxyl-terminal  region  (EF)  of  the 
ER  were  expressed  as  separate  polypeptides  in  mammalian 
cells,  they  were  capable  of  interacting  in  an  estradiol  (E2)- 
dependent  manner  to  reconstitute  the  transcriptional  activity 
of  ER  (12).  Furthermore,  we  demonstrated  that  the  interac¬ 
tion  between  ABCD  and  EF  was  also  promoted  by  the 
antiestrogen  trans-hydroxy tamoxifen  (TOT);  however,  this 
interaction  was  not  transcriptionally  productive.  Although 
these  studies  provided  information  regarding  ER  transactiva¬ 
tion  through  synergism  between  the  two  ER  AFs,  these  studies 
were  unable  to  determine  whether  the  interaction  between  the 
amino-  and  carboxyl-terminal  regions  was  direct  or  indirect, 
perhaps  requiring  intermediary  proteins  to  promote  the  asso¬ 
ciation  of  the  AF-1-  and  AF-2-containing  regions  of  the 
receptor.  It  is  possible  that  the  interaction  between  AF-1  and 
AF-2  requires  accessory  proteins,  possibly  a  coactivator,  to 
contribute  to  the  transcriptionally  productive  association  be¬ 
tween  the  amino-  and  carboxyl-terminal  regions  of  ER.  We 
were  interested  in  determining  how  coactivators,  required  for 
optimal  ER  transactivation,  enhance  receptor  activity. 

Using  a  yeast  two-hybrid  system,  Onate  et  al  (13)  recently 
identified  the  steroid  receptor  coactivator-1  (SRC-1)  protein, 
which  interacted  in  a  ligand-dependent  manner  with  the 
hormone  binding  domain  of  the  progesterone  receptor.  More 
recently,  SRC-1  has  been  postulated  to  exist  as  a  family  of 
proteins  related  to  pl60  (ERAP160)  (14,  15).  SRC-1  was 
shown  to  significantly  enhance  the  transcriptional  activity  of 
ER  and  other  steroid  hormone  receptors.  Overexpression  of 
SRC-1  also  reversed  the  squelching  of  progesterone  receptor 
transcriptional  activity  upon  coexpression  of  ligand-bound  ER, 
demonstrating  that  SRC-1  is  a  genuine  coactivator  for  steroid 
hormone  receptors.  It  is  unknown  what  precise  function  SRC-1 
or  other  coactivators  perform  after  binding  to  the  receptor  to 
result  in  enhanced  transcriptional  activity.  In  these  studies,  we 
use  SRC-1,  a  coactivator  for  steroid  hormone  receptors,  and 
examine  its  ability  to  enhance  the  ligand-dependent  interac¬ 
tion  of  the  amino-  and  carboxyl-terminal  regions  of  ER, 
resulting  in  a  more  potent  transcriptional  response  to  estrogen. 


Abbreviations:  ER,  estrogen  receptor;  AF,  activation  function;  E2, 
estradiol;  TOT,  trans-hydroxy  tamoxifen;  SRC-1,  steroid  receptor  co¬ 
activator-1;  ERE,  estrogen  response  element;  CHO,  Chinese  hamster 
ovary;  CAT,  chloramphenicol  acetyltransferase. 
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MATERIALS  AND  METHODS 

Chemicals  and  Materials.  Cell  culture  media  were  pur¬ 
chased  from  GIBCO.  Calf  serum  was  from  HyClone  and  fetal 
calf  serum  was  from  Sigma.  14C-Chloramphenicol  (50-60 
Ci/mmol;  1  Ci  =  37  GBq)  was  from  DuPont/NEN. 

Plasmids.  The  ER  expression  vectors  (pCMV5-hER)  for 
full-length  wild-type  human  ER  (amino  acids  1-595)  and  ER 
derivatives  ABCD  (amino  acids  1-378),  M109  (amino  acids 
109-595),  M109CD  (amino  acids  109-378),  EF  (amino  acids 
312-595),  and  EF-VP16,  were  constructed  as  described  (12). 
An  expression  vector  encoding  SRC-1  and  an  empty  expres¬ 
sion  vector  that  lacks  the  SRC-1  cDNA  have  been  described 
(13).  ER-VP16  and  M109-VP16  were  generated  by  replacing 
the  Bsml/BamHl  fragment  of  pCMV-hER  or  pCMV- 
hER(M109),  respectively,  with  a  PCR-generated  fragment 
encoding  78  aa  of  the  VP16  activation  domain  containing 
Bsml/BamHl  sites.  The  estrogen  response  element  (ERE)- 
containing  reporter  plasmids  were  (ERE)3-pS2-CAT,  con¬ 
structed  as  described  (12),  and  (ERE)4-TATA-CAT,  which 
was  provided  by  David  J.  Shapiro  of  the  University  of  Illinois. 
Either  the  plasmid  pCHllO  (Pharmacia)  or  pCMV/3  (Clon- 
tech),  which  contains  the  /3-galactosidase  gene,  was  used  as  an 
internal  control  for  transfection  efficiency.  pTZ19R  carrier 
DNA  was  from  Pharmacia. 

Cell  Culture  and  Transient  Transfections.  Chinese  hamster 
ovary  (CHO)  cells  were  maintained  and  transfected  as  de¬ 
scribed  (16).  Cells  were  transiently  transfected  by  CaP04 
coprecipitation  method  and  were  given  400  /xl  of  precipitate 
containing  the  following:  either  10  ng  of  wild-type  ER,  ER- 
VP16,  M109,  or  M109-VP16  or  500  ng  of  each  ER-derivative 
expression  vector;  2.0  fig  of  (ERE)4-TATA-CAT  reporter 
plasmid;  0.3  fig  of  pCHllO  internal  control  plasmid;  up  to  6.0 
fig  of  SRC-1  expression  vector  or  empty  vector;  and  pTZ19R 
carrier  DNA  to  a  total  of  10  fig  of  DNA.  After  12-16  h,  cells 
were  shocked  with  20%  glycerol/Hanks’  balanced  salt  solution 
(HBSS)  for  1.5  min,  rinsed  with  HBSS,  and  given  fresh  medium 
and  hormone  treatment  as  indicated.  3T3  mouse  fibroblast 
cells  were  maintained  and  transfected  as  described  (12,  17). 
Cells  were  harvested  24  h  after  glycerol  shock  and  hormone 
treatment,  and  extracts  were  prepared  in  200  /xl  of  250  mM 
Tris-HCl  (pH  7.5)  using  three  freeze-thaw  cycles.  j8-Galacto- 
sidase  activity  was  measured  to  normalize  for  transfection 
efficiency  and  chloramphenicol  acetyltransferase  (CAT)  as¬ 
says  were  performed  as  described  (16). 

RESULTS 

The  present  study  was  designed  to  aid  in  understanding  how 
SRC-1  increases  transcriptional  activity  of  the  ER  and  to 
determine  if  this  involved  enhancing  the  integration  of  activ¬ 
ities  of  the  two  AFs  of  the  receptor  located  in  the  amino-  and 
carboxyl-terminal  regions.  The  schematic  in  Fig.  1  shows  the 
ER  derivatives  used  in  our  studies.  We  first  tested  the  effect  of 
exogenous  SRC-1  on  the  transcriptional  activity  of  the  full- 
length  receptor  in  ER-negative  CHO  cells  (Fig.  2).  When 
expressed  in  cells  in  the  absence  of  added  SRC-1,  the  wild-type 
ER  was  able  to  induce  transactivation  of  an  ERE-containing 
CAT  reporter  gene  **  12-fold  in  the  presence  of  E2.  No 
transcriptional  activation  was  observed  with  the  wild-type  ER 
upon  treatment  with  the  antiestrogen  TOT.  When  SRC-1  was 
expressed  alone  in  cells  in  the  absence  of  ER,  it  was  unable  to 
evoke  transcription  in  the  presence  or  absence  of  any  hormone 
treatment  tested.  However,  when  SRC-1  was  coexpressed  in 
increasing  amounts  along  with  wild-type  ER,  it  enhanced 
transcriptional  activity  nearly  5-fold  in  the  presence  of  E2.  No 
transcriptional  activity  was  observed  with  TOT  treatment  even 
with  high  levels  of  SRC-1.  In  addition,  enhancement  of 
E2-occupied  wild-type  ER  transcriptional  activity  was  due  to 
SRC-1  and  not  to  other  elements  in  the  plasmid,  as  there  was 
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Fig.  1.  Structure  of  ER  derivatives  used  in  this  study.  The  struc¬ 
tural  domains  of  ER  (A/B,  C,  D,  E,  and  F),  as  well  as  the  AF-1,  AF-2, 
DNA-binding  (solid  boxes)  and  ligand-binding  (cross-hatched  boxes) 
functional  domains,  are  shown  above  the  schematics  for  the  receptors. 
Hatched  boxes  represent  the  VP16  activation  domain  (residues  413— 
490). 

no  change  in  E2-stimulated  activity  of  wild-type  ER  when 
cotransfections  used  an  empty  expression  vector  lacking  the 
SRC-1  cDNA  (data  not  shown).  The  enhancement  of  E2- 
dependent  transcriptional  activity  of  the  ER  with  increasing 
amounts  of  SRC-1  implies  that  SRC-1  is  a  coactivator  for 
E2-dependent  activity  of  ER,  consistent  with  previous  studies 
conducted  in  HeLa  cells  (13). 

We  then  tested  the  ability  of  SRC-1  to  enhance  the  tran¬ 
scriptionally  productive  interaction  between  the  AF-1- 
containing,  DNA-binding  (ABCD)  and  the  AF-2-containing, 
hormone-binding  (EF)  regions  of  ER  (Fig.  3).  Coexpression  of 
SRC-1  with  either  ABCD  or  EF  alone  did  not  stimulate 
transcription  of  the  reporter  gene.  When  the  ABCD  and  EF 
polypeptides  were  coexpressed  in  CHO  cells  in  the  absence  of 
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Fig.  2.  Enhancement  of  wild-type  ER  transcriptional  activity  by 
SRC-1.  ER-negative  CHO  cells  were  transfected  with  expression 
vectors  for  wild-type  (WT)  ER  and  SRC-1  as  indicated,  an  internal 
control  j3-galactosidase  plasmid,  and  an  ERE-TATA-CAT  reporter. 
Cells  were  treated  with  control  (0.1%  ethanol)  vehicle,  10  nM  E2,  or 
1  fiM  TOT  for  24  h.  CAT  activity  was  normalized  for  jS-galactosidase 
activity  from  an  internal  control  plasmid  and  analyzed.  The  CAT 
activity  observed  with  wild-type  ER  plus  E2  but  no  added  SRC-1  is  set 
at  100%.  Error  bars  represent  the  mean  ±  SEM  for  three  or  more 
determinations.  Some  error  bars  are  too  small  to  be  visible. 
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Fig.  3.  E2-dependent  enhancement  of  the  transcriptional  activity  of  the  amino-  and  carboxyl-terminal  regions  of  ER  by  SRC-1.  CHO  cells  were 
transfected  with  expression  vectors  for  ER  derivatives  ABCD,  EF,  and  SRC-1,  as  indicated,  and  an  ERE-TATA-CAT  reporter.  Cells  were  treated 
with  control  vehicle,  10  nM  E2,  or  1  pM  TOT,  and  CAT  activity,  normalized  for  internal  control  j3-galactosidase  activity,  was  analyzed  as  described 
in  the  legend  to  Fig.  2. 


added  SRC-1,  they  were  capable  of  interacting  in  a  transcrip¬ 
tionally  productive  manner  only  in  the  presence  of  E2,  recon¬ 
stituting  ^30%  of  the  full-length  receptor  activity.  When 
SRC-1  was  coexpressed  in  increasing  amounts  with  ABCD  and 
EF,  it  enhanced  the  E2-dependent,  transcriptionally  produc¬ 
tive  interaction  without  inducing  any  transcription  in  the 
absence  of  hormone  or  in  the  presence  of  TOT.  These  results 
show  that  coexpression  of  SRC-1  results  in  a  significant 
increase  in  the  transcriptional  activity  generated  by  the  assem¬ 
bly  of  ABCD  and  EF  in  the  presence  of  E2  and  not  TOT, 
similar  to  the  effects  of  SRC-1  on  the  full-length  receptor  seen 
in  Fig.  2. 

To  determine  if  SRC-1  enhances  integration  of  the  trans¬ 
activating  functions  of  the  amino-  and  carboxyl-terminal  re¬ 
gions  of  ER,  we  coexpressed  SRC-1  with  ABCD  and  EF-VP16. 
The  EF-VP16  fusion  protein  contains  domains  E  and  F  of  the 
human  ER  linked  to  the  activation  domain  of  the  viral  protein 
16  (18).  The  constitutively  active  VP  16  activation  domain 
allows  the  detection  of  an  interaction  between  ABCD  and  EF, 
even  if  the  interaction  is  not  transcriptionally  productive.  As 
shown  in  Fig.  4,  coexpression  of  SRC-1  with  either  ABCD  or 
EF-VP16  did  not  result  in  any  significant  transcriptional 
activity.  When  ABCD  and  EF-VP16  were  expressed  together 
in  cells,  stimulation  of  transcriptional  activity  was  observed 
upon  treatment  with  E2  and  to  a  lesser  extent,  TOT,  indicating 
an  interaction  between  ABCD  and  EF-VP16  in  the  presence 
of  E2  and  TOT.  However,  when  SRC-1  was  coexpressed  with 
ABCD  and  EF-VP16,  the  activity  in  the  presence  of  E2  and 
TOT  was  enhanced  to  ^7-fold  and  ^5-fold,  respectively,  above 
that  in  the  absence  of  added  SRC-1,  and  the  enhancement 
occurred  in  an  SRC-1  dose-dependent  manner.  In  addition, 
when  an  amino-terminally  truncated  version  of  ABCD 
(M109CD),  which  lacks  most  of  the  A/B  domain  (i.e.,  lacks  the 
first  108  aa  of  the  receptor),  was  used  in  place  of  ABCD,  it  was 
unable  to  associate  with  EF-VP16  even  at  high  levels  of  SRC-1, 
indicating  that  SRC-1  enhancement  of  ABCD  and  EF-VP16 
activity  requires  an  intact  AF-1  region. 


Similar  results  were  obtained  in  the  ER-negative  3T3  mouse 
fibroblast  cell  line  using  a  different  ERE-containing  reporter 
(3ERE-pS2-CAT),  where  the  association  of  the  amino-  and 
carboxyl-terminal  regions  of  ER  was  enhanced  «=  3-fold  in  the 
presence  of  E2  or  TOT  with  3  or  6  gg  of  SRC-1  (data  not 
presented).  The  magnitude  of  enhancement  was  less  in  the  3T3 
cells  compared  with  the  CHO  cells,  possibly  indicating  higher 
levels  of  endogenous  SRC-1  in  the  3T3  cells. 


ABCD  ABCD  ABCD  ABCD  M109CD 

+  +  +  +  + 

ABCD  EF-VP16  EF-VP1 6  EF-VP1 6  EF-VP16  EF-VP16  EF-VP1 6 


SRC-1  (#/g)  6  6  0  1  3  6  6 

Fig.  4.  Enhancement  of  the  interaction  of  the  amino-  and  carbox¬ 
yl-terminal  regions  of  ER  by  SRC-1.  CHO  cells  were  transfected  with 
expression  vectors  for  ER  derivatives  ABCD,  M109CD,  EF-VP16,  and 
SRC-1,  as  indicated,  and  an  ERE-TATA-CAT  reporter.  Cells  were 
treated  with  control  vehicle,  10  nM  E2,  or  1  jllM  TOT,  and  CAT 
activity,  normalized  for  internal  control  /3-galactosidase  activity,  was 
measured  as  described  in  the  legend  to  Fig.  2. 
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We  also  compared  the  effect  of  SRC-1  on  transcriptional 
activity  of  the  full-length  ER  or  the  full-length  ER  linked  to  the 
VP16  activation  domain  (ER-VP16)  in  the  presence  of  E2  or 
TOT.  As  expected,  the  E2-dependent  transcriptional  activity  of 
wild-type  ER  was  enhanced  by  the  coexpression  of  SRC-1  (Fig. 
5A  Left).  In  contrast  to  the  wild-type  ER,  ER-VP16  alone 
stimulated  substantial  transcription  in  the  absence  of  hormone 
(Fig.  5A  Right),  and  this  transcriptional  activity  was  not 
enhanced  by  coexpression  of  SRC-1.  With  E2  in  the  absence  of 
added  SRC-1,  ER-VP16  activity  was  twice  that  seen  with  no 
hormone  addition,  indicating  that  ER-VP16  is  brought  more 
effectively  to  the  DNA  when  it  is  liganded.  SRC-1  enhanced 
ER-VP16  transcriptional  activity  in  the  presence  of  E2,  and  the 
^4-fold  enhancement  by  SRC-1  was  similar  in  magnitude  to 
that  seen  with  the  E2-occupied  wild-type  ER.  These  results 
suggest  that  the  increased  transcription  by  ER-VP16  with  E2 
is  likely  due  to  transcriptional  enhancement  of  ER  AF-l/AF-2 
activity  by  SRC-1.  In  the  presence  of  TOT,  no  transcriptional 
enhancement  was  observed  when  ER-VP16  was  coexpressed 
with  SRC-1.  Since  there  is  no  transcription  by  AF-1  and  AF-2 
in  the  presence  of  TOT,  it  is  perhaps  not  surprising  that  SRC-1 
does  not  affect  ER-VP16  liganded  with  TOT.  Together,  these 
results  indicate  that  in  this  cellular  context,  an  E2-ER  complex 
is  needed  for  SRC-1  enhancement,  and  the  VP16  activation 
domain  was  not  significantly  affected  by  SRC-1.  The  lack  of 
enhancement  of  the  VP16  activation  domain  by  SRC-1  was  not 
likely  due  to  competition  for  limiting  cellular  factors  required 
for  transcription,  as  similar  results  were  obtained  using  signif¬ 
icantly  lower  (i.e.,  10-  or  20-fold  lower)  levels  of  ER-VP16 
expression  plasmid  (data  not  shown). 
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Fig.  5.  Effects  of  SRC-1  on  ER-VP16  fusion  proteins.  CHO  cells 
were  transfected  with  expression  vectors  for  (A)  wild-type  ER  or 
ER-VP16  or  ( B )  M109  or  M109-VP16,  SRC-1,  as  indicated,  and  an 
ERE-TATA-CAT  reporter.  Cells  were  treated  with  control  vehicle,  10 
nM  E2,  or  1  /xM  TOT,  and  CAT  activity  was  analyzed  as  described  in 
the  legend  to  Fig.  2. 


In  related  studies,  we  used  the  ER  mutant,  M109,  which 
lacks  most  (the  first  108  aa)  of  the  A/B  domain.  M109  was 
transcriptionally  impaired  compared  with  the  wild-type  ER, 
stimulating  only  ~30%  of  wild-type  ER  activity  in  the  presence 
of  E2  (Fig.  5B  Left).  Upon  coexpression  of  SRC-1,  there  was 
minimal  change  in  the  E2-dependent  transcriptional  activity  of 
M109.  Similar  results  were  obtained  with  M109-VP16  (Fig.  5 B 
Right)  in  that  there  was  little  enhancement  of  E2-dependent 
transcription  upon  coexpression  of  SRC-1.  Therefore,  in  this 
cell  system,  deletion  of  AF-1  nearly  fully  abolished  the  en¬ 
hancement  of  receptor  activity  by  SRC-1  with  both  M109  and 
M109-VP16  in  the  presence  of  E2.  Presumably,  SRC-1  still 
interacts  with  these  A/B  deletion  receptors  through  the  intact 
AF-2  region;  however,  the  transcriptional  enhancement  of  ER 
by  SRC-1  requires  an  intact  AF-1  containing  A/B  domain. 

DISCUSSION 

Our  results  provide  one  potential  mechanism  by  which  coac¬ 
tivators  promote  the  full  transcriptional  activity  of  ER.  The 
enhancement  of  a  transcriptionally  productive  association  of 
the  amino-  and  carboxyl-terminal  regions  of  ER  through  the 
influence  of  SRC-1  may  be  an  essential  step  in  activated 
transcription  by  hormone-occupied  ER.  Because  of  the  com¬ 
plexity  of  receptor-mediated  transcription,  the  detailed  events 
that  lead  to  hormone-dependent  transactivation  are  not  yet 
well  understood.  However,  it  is  known  that,  after  hormone 
binding,  the  ER  undergoes  a  conformational  change  that  is 
thought  to  allow  the  displacement  of  repressor  proteins  asso¬ 
ciated  with  the  ER  and  to  make  the  receptor  accessible  for 
interaction  with  coactivators  (19,  20).  The  activated  receptor 
has  been  postulated  to  aid  in  the  stabilization  of  the  preini¬ 
tiation  complex  (3,  20,  21)  and  to  play  a  role  in  the  alteration 
of  chromatin  structure  (1-3,  22).  Our  studies  investigate  two 
important  aspects  leading  to  ER-mediated  transcription— 
namely,  the  conformational  change  in  ER  that  is  induced  by 
ligand  binding  and  the  interaction  of  ER  with  coactivators.  In 
this  report,  we  have  demonstrated  that  the  ligand-induced 
conformational  change  promotes  the  interaction  between  the 
amino-  and  carboxyl-terminal  regions  of  ER,  when  expressed 
as  separate  polypeptides  in  cells,  and  that  this  interaction  is 
facilitated  by  the  coactivator  SRC-1.  The  next  step,  enhance¬ 
ment  of  transcriptional  activity  by  SRC-1,  requires  that  the  ER 
be  liganded  with  hormone  (E2),  and  not  antihormone  (TOT), 
for  the  integrated  functions  of  the  AF-1-  and  AF-2-containing 
regions  of  the  ER  to  be  transcriptionally  productive.  These 
results  help  in  providing  a  clearer  picture  of  the  molecular 
events  that  occur  after  ligand  binding  to  result  in  an  activated 
receptor. 

SRC-1  was  first  isolated  through  its  ability  to  bind  to  the 
AF-2-containing,  ligand-binding  domain  of  progesterone  re¬ 
ceptor  (13).  Our  results  suggest  that  SRC-1  can  act,  at  least  in 
part,  to  functionally  enhance  ER  activity  by  promoting  the 
association  between  the  amino-  and  carboxyl-terminal  regions 
of  ER.  SRC-1  did  not  stimulate  TOT-dependent  wild-type  ER 
activity  and  did  not  promote  the  transcriptionally  productive 
assembly  of  ABCD  and  EF  in  the  presence  of  TOT,  because 
AF-2  is  not  functional  when  liganded  with  TOT  (7,  23). 
However,  SRC-1  did  evoke  increased  activity  measured  with 
ABCD  and  EF-VP16  in  the  presence  of  TOT  (Fig.  4  versus  Fig. 
3),  indicating  that  SRC-1  promotes  the  functional  interaction 
of  ABCD  and  EF-VP16.  The  absence  of  SRC-1  stimulation  of 
full-length  ER  activity  when  occupied  with  TOT  highlights  the 
important  role  of  ligand  character  in  the  response  of  the 
receptor  to  SRC-1.  In  the  cellular  contexts  examined,  SRC-1 
enhanced  transcriptional  effectiveness  only  of  the  E2-AF-1/ 
AF-2  complex,  perhaps  by  facilitating  the  interaction  of  the 
two  AF-containing  regions  of  the  receptor  with  the  basal 
transcription  complex. 
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Multiple  proteins  have  been  identified  which  interact  with 
ER  in  a  ligand-dependent  manner  (15,  24-27);  however,  most 
have  not  yet  been  shown  to  enhance  ER-stimulated  transcrip¬ 
tion.  An  exception  is  the  cAMP  response  element-binding 
protein  (CREB)  coactivator,  CREB-binding  protein  (CBP), 
another  recently  reported  coactivator  for  the  steroid  receptor 
super  family  (14).  SRC-1  has  been  shown  to  significantly 
increase  the  transcriptional  activity  of  progesterone  receptor 
and  other  steroid  hormone  receptors,  including  ER.  Poten¬ 
tially,  SRC-1  may  function  to  enhance  the  transcription  of 
other  members  of  the  steroid  hormone  receptor  superfamily  by 
a  mechanism  analogous  to  our  findings.  The  conservation  of 
an  amino-  and  a  carboxyl-terminal  activation  domain  among 
steroid  hormone  receptors  (2,  3)  and  the  ability  of  SRC-1  to 
act  as  a  coactivator  for  several  steroid  hormone  receptors 
together  suggest  a  general  mechanism  for  coactivator  action  on 
steroid  hormone  receptors  that  may  involve  facilitation  of  the 
productive  association  of  the  two  AF  containing  regions  of 
these  receptors,  enabling  optimal  stimulation  of  transcription. 
At  present,  however,  we  do  not  have  evidence  that  the 
functional  interaction  of  AF-1  and  AF-2  promoted  by  SRC-1 
is  direct.  In  fact,  the  receptor  complex  appears  to  include  at 
least  SRC-1  and  CBP,  and  the  complexity  is  likely  to  grow  with 
the  verification  of  functional  interactions  of  other  receptor 
binding  proteins.  Any  one  of  these  molecules  could  interact 
with  the  receptor,  directly  or  indirectly,  to  promote  the  coop¬ 
erative  actions  of  AF-1  and  AF-2.  Continued  investigation  of 
steroid  hormone  receptor-coactivator  complexes  and  their 
interaction  with  the  transcription  apparatus  should  aid  in 
elucidating  further  aspects  of  the  detailed  biochemical  mech¬ 
anism  of  activated  transcription. 
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To  better  understand  structure-activity  relation¬ 
ships  in  the  human  estrogen  receptor  (ER),  we  ex¬ 
amined  the  role  of  tyrosine  537  in  the  transcrip¬ 
tional  response  of  the  receptor,  since  this  residue 
is  close  to  a  region  of  the  hormone-binding  domain 
shown  previously  to  be  important  in  hormone-de¬ 
pendent  transcriptional  activity  and  because  this 
amino  acid  has  been  proposed  to  be  a  tyrosine 
kinase  phosphorylation  site  important  in  the  activ¬ 
ity  of  the  ER.  We  substituted  five  amino  acids  at 
this  position  (alanine,  phenylalanine,  glutamic  acid, 
lysine,  or  serine)  and  screened  these  mutants  for 
their  biological  activities  in  the  presence  and  ab¬ 
sence  of  estradiol.  Two  of  the  ER  mutants,  Y537A 
and  Y537S,  displayed  estrogen-independent  con¬ 
stitutive  activity  that  was  approximately  20%  or 
100%,  respectively,  of  the  activity  of  the  wild  type 
receptor  with  estradiol,  when  assessed  in  two  dif¬ 
ferent  cell  backgrounds  using  three  different  es¬ 
trogen-responsive  promoters.  In  some  circum¬ 
stances,  the  Y537E  and  Y537K  proteins  also 
exhibited  some  low  level  of  constitutive  activity. 
The  constitutive  activity  of  the  mutants,  as  well  as 
their  activity  in  the  presence  of  E2,  was  fully  sup¬ 
pressed  by  antiestrogen.  The  extent  of  interaction 
of  the  constitutively  active  ERs  with  the  steroid 
receptor  coactivator-1  (SRC-1)  closely  parallel  the 
magnitude  of  transcriptional  activity  of  the  recep¬ 
tor.  Whereas  wild  type  ER  showed  interaction  with 
SRC-1  only  in  the  presence  of  estrogen,  Y537A  and 
Y537S  ER  showed  moderate  or  full  interaction  in 
the  absence  of  ligand,  an  interaction  that  was 
blocked  by  antiestrogen,  and  the  magnitude  of  in¬ 
teraction  was  increased  to  or  remained  at  100% 
upon  estradiol  treatment,  implying  that  the  ability 
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of  an  ER  to  associate  with  SRC-1  is  a  good  indica¬ 
tor  of  a  transcriptionally  active  conformational 
state  of  the  receptor.  Our  findings  indicate  that 
tyrosine  537  is  in  a  region  important  in  the  ligand 
regulation  of  ER  transcriptional  activity  and  that 
the  presence  of  certain  amino  acids  at  this  position 
can  shift  ER  into  a  conformation  that  is  active  even 
without  ligand.  However,  tyrosine  is  not  required  at 
this  site  for  estrogen  binding  or  transcriptional  re¬ 
sponse  to  estrogen  in  the  systems  investigated. 
Our  findings,  interpreted  in  light  of  the  recently 
published  x-ray  crystal  structure  of  the  ligand¬ 
binding  domains  of  three  related  receptors  of  the 
nuclear  receptor  superfamily,  suggest  that  some  of 
the  amino  acid  substitutions  introduced  at  position 
537  may  facilitate  the  shift  of  helix  12  of  the  ER  into 
an  active  conformation  and/or  allow  for  differential 
stabilization  of  the  receptor  in  its  active  form.  (Mo¬ 
lecular  Endocrinology  10:  1388-1398,  1996) 


INTRODUCTION 

The  human  estrogen  receptor  (ER)  and  related  mem¬ 
bers  of  the  nuclear  steroid  receptor  superfamily  regu¬ 
late  the  complex  pathway  of  transcriptional  activation 
for  many  biologically  important  genes.  Upon  ligand 
binding,  ER  undergoes  a  conformational  change  al¬ 
lowing  the  receptor  to  activate  transcription  of  target 
genes  (1-5).  Numerous  factors  regulate  the  activity  of 
ER,  such  as  the  nature  of  the  ligand  bound  to  the 
receptor,  the  phosphorylation  state  of  the  ER,  and 
interactions  with  coactivator  proteins  (4-7). 

The  ER  is  comprised  of  several  functionally  distinct 
domains  (2,  8-12).  The  N-terminal  A/B  domain  con¬ 
tains  the  transcription  activation  function-1  (AF-1).  The 
highly  conserved  C  domain  is  the  site  of  DNA  binding 
to  estrogen-response  elements,  whereas  the  D  do- 
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main  appears  to  function  as  a  hinge  region.  Domains  E 
and  F,  at  the  C  terminus  of  the  receptor,  are  the 
regions  of  ligand  binding  and  recognition  and  contain 
the  ligand-dependent  transcription  activation  func¬ 
tion-2  (AF-2). 

We  have  been  interested  in  ER  structure-activity 
relationships  and,  particularly,  in  identifying  regions  of 
domain  E  crucial  in  ligand  binding  and  interpretation 
(7,  13).  Because  ER  bioactivity  is  also  known  to  be 
significantly  regulated  by  phosphorylation,  we  and 
others  (14-23)  have  examined  the  role  of  some  serine 
and  tyrosine  residues  as  sites  of  phosphorylation.  Re¬ 
cently,  by  alanine-scanning  mutagenesis  across  a  21- 
amino  acid  region  from  residue  515  to  535  in  the  ER 
hormone-binding  domain,  we  identified  several  amino 
acids  between  520  and  530  as  being  sites  of  contact 
between  ER  and  the  hormone  estradiol  (E2)  (24).  Be¬ 
cause  tyrosine  phosphorylation  may  be  important  in 
the  activity  of  the  ER  and,  in  particular,  in  the  ability  of 
growth  factors  such  as  insulin-like  growth  factor  I  and 
epidermal  growth  factor  to  synergize  with  estrogen 
and  enhance  ER  transcriptional  activity  (25-30),  we 
have,  in  this  report,  extended  our  structure-function 
analysis  of  the  ER  to  examine  tyrosine  537  and  its 
potential  role  in  the  bioactivity  of  the  ER.  In  addition  to 
substituting  alanine  for  this  tyrosine,  we  also  substi¬ 
tuted  four  other  amino  acids  at  this  position  and 
screened  the  mutants  for  their  activities  in  the  pres¬ 
ence  and  absence  of  estradiol.  The  amino  acid  sub¬ 
stitutions  for  tyrosine  537  were  as  follows:  alanine,  a 
relatively  conservative  substitution;  phenylalanine,  the 
most  conservative  change  from  tyrosine;  glutamic 
acid,  which  mimics  tyrosine  phosphorylation  in 
providing  the  same  charge  on  the  receptor  as  phos- 
photyrosine;  lysine,  an  opposite  charge  from  phos- 
photyrosine;  and  serine,  a  different,  potentially  phos- 
phorylatable  residue.  Several  of  the  ER  mutants  we 
generated  displayed  estrogen-independent  constitu¬ 
tive  transcriptional  activity  and  estrogen-independent 
association  with  the  nuclear  receptor  coactivator 
SRC-1  and,  in  all  cases,  the  receptors  were  capable  of 
good  transcriptional  activity  in  the  presence  of  estra¬ 
diol.  Our  findings  are  interpreted  in  light  of  the  recently 
published  x-ray  crystal  structures  of  the  ligand-bind¬ 
ing  domains  of  three  related  receptors  of  the  nuclear 
receptor  superfamily  (31-34). 


RESULTS 

Ligand-Dependent  and  Ligand-Independent 
Transcriptional  Activities  of  Tyrosine  537  Mutant 
Receptors 

Using  mutant  oligonucleotides,  we  prepared  ERs  con¬ 
taining  five  different  amino  acid  substitutions  for  ty¬ 
rosine  at  position  537  of  the  human  ER  (hER).  All  ER 
mutations  were  confirmed  by  restriction  digests  and 
dideoxy-nucleotide  sequencing.  To  assess  transcrip¬ 
tional  ability  of  the  Y537A  mutant  ER  in  which  alanine 


was  substituted  for  tyrosine,  we  transiently  trans¬ 
fected  ER-negative  MDA-MB-231  breast  cancer  cells 
with  Y537A  ER  expression  vector  and  an  estrogen- 
responsive  promoter-reporter  construct,  2ERE-pS2- 
CAT,  containing  two  estrogen-response  elements,  the 
pS2  gene  promoter,  and  the  chloramphenicol  acetyl 
transferase  (CAT)  reporter  gene.  Cells  were  treated 
with  either  control  ethanol  vehicle,  estradiol  (E2),  or  the 
antiestrogen  frans-hydroxytamoxifen  (TOT),  and  CAT 
activity  was  measured.  For  these  assays  we  used  1  x 
1  0-8m  E2  and  1 00  ng  ER  expression  vector,  since  wild 
type  ER  reached  maximal  activity  at  this  concentration 
of  E2,  and  under  these  conditions  the  level  of  activa¬ 
tion  was  independent  of  the  amount  of  transfected  ER 
DNA  over  the  range  of  50-400  ng  (data  not  shown). 
CAT  activity  was  very  low  in  wild  type  receptor  treated 
with  control  0.1%  ethanol  vehicle  and  was  induced 
100-  to  200-fold  by  the  addition  of  E2  (Fig.  1). 

The  Y537A  mutant  exhibited  activity  quite  similar  to 
the  wild  type  ER  over  a  range  of  E2  concentrations 
(Fig.  1).  Interestingly,  however,  the  alanine  mutant  also 
possessed  some  constitutive  activity  in  the  absence  of 
ligand,  approximately  20%  of  the  maximal  activity 
achieved  by  the  wild  type  ER  with  E2  treatment.  Using 
the  minimal  TATA  promoter,  in  a  2ERE-TATA-CAT  re¬ 
porter  gene,  we  observed  a  similar  level  of  constitutive 
activity  from  Y537A  expressed  in  Chinese  hamster 
ovary  (CHO)  cells  (data  not  shown).  Consistent  with 
the  dose-response  profiles  seen  in  Fig.  1,  the  Y537A 
ER  demonstrated  very  similar  E2  binding  affinity  com¬ 
pared  with  wild  type  ER.  From  radiolabeled  E2  hor¬ 
mone-binding  assays  performed  over  a  broad  range  of 
hormone  concentrations  (3  x  10-11m  to  2  x  10  8m), 
calculated  equilibrium  dissociation  constants  (Kd) 
were  0.27  nM  and  0.29  nM  for  Y537A  and  wild  type  ER, 
respectively,  similar  to  previously  reported  values  for 
wild  type  ER  (24,  35). 

We  next  compared  the  transcriptional  activity  of 
Y537A  with  receptors  in  which  four  different  amino 
acids  were  substituted  for  tyrosine  537  in  the  ER 
(Y537F,  Y537K,  Y537E,  and  Y537S).  Assays  were  con¬ 
ducted  using  several  different  promoter  and  cell  back¬ 
grounds.  Initially,  the  mutant  ERs  were  screened  in 
MDA-MB-231  cells  using  the  estrogen-responsive 
2ERE-pS2-CAT  gene  construct.  Transfected  cells 
were  treated  with  control  ethanol  vehicle,  E2  at  1  x 
10^8m,  TOT  at  1  X  10“6m,  or  with  both  E2  and  TOT 
(Fig.  2).  All  of  the  receptors  showed  good  transactiva¬ 
tion  activity  in  the  presence  of  E2;  whereas  Y537K, 
Y537E,  Y537A,  and  Y537S  reached  full  wild  type  ac¬ 
tivation,  Y537F  reached  only  70%  of  wild  type  activity. 
Unexpectedly,  the  Y537S  mutant  was  fully  active  in 
the  absence  of  ligand,  making  it  a  stronger  constitu¬ 
tively  active  mutant  than  Y537A.  Treatment  with  TOT 
alone  blocked  the  constitutive  activity  seen  for  both 
the  Y537A  and  Y537S  mutants,  and  all  of  the  recep¬ 
tors  demonstrated  antagonism  of  E2  induction  by  TOT. 
Similar  antagonism  of  receptor  transactivation  was 
observed  with  the  pure  antiestrogen  IC1 164,384  (data 
not  shown). 
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Fig.  1.  Transactivation  Ability  of  Y537A  ER  vs.  Wild  Type  (wt)  ER  in  the  Presence  and  Absence  of  E2 

MDA-MB-231  cells  were  transfected  with  Y537A  or  wild  type  ER  expression  vector,  2ERE-pS2-CAT  reporter  plasmid,  and  a 
/3-galactosidase  internal  reporter  to  correct  for  transfection  efficiency.  Before  harvesting,  cells  were  treated  for  24  h  with  E2  from 
1  x  10“12m  to  1  x  10~7m  or  with  control  (0.1%  ethanol)  vehicle  (zero  E2)  Transactivation  was  determined  by  CAT  activity, 
normalized  to  the  internal  /3-galactosidase  control,  and  is  expressed  as  percent  of  wild  type  activity  at  1  x  10_8m  E2.  Each  point 
represents  the  mean  ±  sd  of  determinations  from  two  to  four  individual  experiments. 


We  further  examined  all  of  the  Y537  mutants  in  231 
cells  using  a  different  promoter,  namely  the  thymidine 
kinase  driven-CAT  construct,  2ERE-TK-CAT  (Fig.  3). 
Once  again,  the  Y537A  and  Y537S  mutants  exhibited 
substantial  ligand-independent  transactivation.  In  the 
absence  of  ligand,  the  Y537A  and  Y537S  mutants 
showed  -30%  and  -120%  of  wild  type  E2-stimulated 
activity,  respectively.  Moreover,  the  Y537K  and  Y537E 
mutants  also  showed  statistically  significant  activity  in 
the  absence  of  added  ligand  (—10-15%  of  wild  type 
ER  +  1  x  10-8m  E2).  In  the  presence  of  1  x  1CT8m  E2, 
all  mutant  receptors  showed  activity  similar  to  that  of 
wild  type  ER.  Treatment  with  TOT  at  1  x  10“6m 
brought  transcriptional  activity  of  all  the  unliganded 
mutant  receptors  or  E2-occupied  receptors  (data  not 
shown)  to  the  low  level  observed  for  the  wild  type 
receptor  treated  with  TOT. 

Y537S  ER  Shows  Full  Constitutive  Transcriptional 
Activity  Over  a  Broad  Range  of  Receptor 
Concentrations 

As  shown  in  Fig.  4,  the  Y537S  receptor  showed 
E2-independent  constitutive  activity  over  a  very 


broad  range  of  transfected  ER  plasmid.  At  all 
amounts  of  ER  plasmid  used,  the  Y537S  receptor 
without  any  added  ligand  showed  transcriptional 
activity  indistinguishable  in  magnitude  from  that  of 
the  wild  type  receptor  plus  E2.  These  curves  were 
also  the  same  as  that  obtained  for  Y537S  plus  E2, 
indicating  that  this  receptor  was  fully  active  without 
E2  and  that  treatment  with  E2  did  not  change  activity 
of  this  receptor,  whereas  wild  type  receptor  was 
dependent  on  E2  for  stimulation  of  its  transcriptional 
activity. 

The  Tyrosine  537  Mutant  ERs  Have  Similar 
Phenotypes  in  Two  Different  Cell  Backgrounds 

To  determine  whether  the  observed  activities  of  the 
mutant  ERs  depended  on  cell  type,  transfections  were 
also  conducted  in  ER-negative  CHO  cells  (Fig.  5).  In 
CHO  cells  treated  with  E2,  all  of  the  Y537  mutant 
receptors  induced  transcription  to  near  wild  type  lev¬ 
els  except  for  Y537F,  which  achieved  about  half-max¬ 
imal  activity.  The  Y537A  and  Y537S  mutants  displayed 
constitutive  activity,  as  seen  previously  in  231  cells 
(Figs.  2  and  3);  however,  the  magnitude  of  ligand- 
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Fig.  2.  Transactivation  Ability  of  Various  Y537  Mutant  Receptors  Treated  with  No  Ligand  or  with  Estrogen  and  Antiestrogen 
MDA-MB-231  cells  were  transfected  with  wild  type  or  mutant  ER  expression  vector  Y537F;  Y537K;  Y537E;  Y537A  or  Y537S, 
the  2ERE-pS2-CAT  reporter  plasmid,  and  a  j3-galactosidase  internal  reporter.  Before  harvesting,  cells  were  treated  for  24  h  with 
control  ethanol  vehicle,  E2  at  1  x  10“8m,  TOT  at  1  x  10"6m,  or  E2  plus  TOT  at  1  x  1CT8m  and  1  X  1(T6m,  respectively. 
Transactivation  was  determined  by  CAT  activity  normalized  to  the  interna!  jS-galactosidase  control  and  is  expressed  as  percent 
of  the  wild  type  receptor  activity  at  1  x  10“8m  E2.  Each  bar  represents  the  mean  ±  sd  of  determinations  from  two  to  four  individual 
experiments. 


independent  activity  was  slightly  lower  in  the  CHO 
cells.  The  addition  of  TOT  reduced  the  constitutive 
activity  of  Y537A  and  Y537S  to  the  level  of  the  wild 
type  receptor  treated  with  TOT. 

Expression  of  the  Tyrosine  537  Mutant  Proteins 
in  Cells 

To  verify  levels  of  protein  expression,  the  Y537  mutant 
receptors  were  expressed  in  231  cells  and  analyzed  by 
Western  blotting.  Whole  cell  extracts  were  prepared, 
separated  by  SDS-PAGE,  and  probed  with  the  ER- 
specific  antibody  H226,  which  detects  an  epitope  in 
the  N-terminal  region  of  the  receptor,  far  from  the 
amino  acid  537  region  (Fig.  6).  All  of  the  mutant  ERs 
were  present  at  levels  either  equal  to  that  of  the  wild 
type  ER,  or  in  the  case  of  Y537K  and  Y537S  receptors, 
at  somewhat  higher  levels  than  those  seen  for  the  wild 
type  receptor. 


Interaction  of  the  Constitutively  Active  Receptors 
Y537A  and  Y537S  with  the  Steroid  Receptor 
Coactivator  (SRC-1)  Protein 

Since  Y537S  and  Y537A  showed  substantial  consti¬ 
tutive  activity,  we  analyzed  the  ligand-dependent  and 
-independent  interaction  of  Y537A  and  Y537S  ERs 
with  the  steroid  receptor  coactivator  protein  SRC-1, 
which  has  been  shown  to  be  a  coregulator  that  en¬ 
hances  ER  transactivation  (36).  in  vitro  transcribed  and 
translated  SRC-1  was  incubated  with  glutathione-S- 
transferase  (GST)  fusion  proteins  of  each  mutant  ER, 
or  with  wild  type  ER  for  comparison,  in  the  presence  or 
absence  of  ligand  (Fig.  7). 

The  wild  type  receptor  showed  a  distinct  E2-depen- 
dent  association  with  SRC-1,  which  was  not  seen  by 
treatment  with  the  antiestrogen  TOT.  Interestingly,  the 
Y537A  and  Y537S  mutants  both  exhibited  ligand-in¬ 
dependent  association  with  SRC-1.  While  the  Y537A 
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Control  Vehicle  Estradiol  TOT 

Fig.  3.  Transactivation  Ability  of  Y537  Mutant  Receptors,  Treated  with  No  Ligand  or  with  E2  or  TOT,  Using  an  Estrogen- 
Responsive  Thymidine  Kinase  Promoter  Reporter  Construct 

MDA-MB-231  cells  were  transfected  with  wild  type  or  mutant  ER  expression  vector,  the  2ERE-TK-CAT  reporter  plasmid,  and 
a  0-galactosidase  internal  reporter  plasmid.  Before  harvesting,  cells  were  treated  for  24  h  with  control  ethanol  vehicle,  E2  at  1  x 
10-8m,  or  TOT  at  1  x  1CP6m.  Transactivation  was  determined  by  CAT  activity  normalized  to  the  internal  0-gal actosidase  control 
and  is  expressed  as  percent  of  the  wild  type  receptor  activity  at  1  x  10“8m  E2.  Each  bar  represents  the  mean  ±  sd  of 
determinations  from  two  to  four  individual  experiments. 


ER  fusion  protein  exhibited  a  moderate  constitutive 
interaction  with  SRC-1  in  the  absence  of  any  ligand 
(Fig.  7,  control  vehicle  lane),  the  Y537S  mutant  asso¬ 
ciated  strongly  with  SRC-1  in  the  absence  of  E2,  and 
treatment  with  the  antiestrogen  TOT  completely  elim¬ 
inated  this  ligand-independent  interaction  of  the 
Y537A  and  Y537S  ERs.  Interaction  of  Y537A  receptor 
with  SRC-1  was  increased  to  that  of  the  wild  type  ER 
in  the  presence  of  E2  whereas  treatment  with  E2  did 
not  further  increase  association  of  the  Y537S  receptor 
with  SRC-1,  which  was  already  maximal.  Thus  there 
was  a  good  correlation  between  magnitudes  of  inter¬ 
action  with  this  coregulator  and  transcriptional  activity 
of  these  receptors. 


DISCUSSION 

Our  findings  show  that  position  537  of  the  ER  is  im¬ 
portant  in  ligand  regulation  of  ER  transcriptional  activ¬ 
ity  and  that  certain  amino  acid  substitutions  for  ty¬ 


rosine  at  this  position  can  result  in  a  receptor  that  is 
fully  active  in  the  absence  of  ligand.  Notably,  all  amino 
acid  changes  resulted  in  receptors  that  showed  good 
activity  in  the  presence  of  E2.  Two  of  the  mutant  ERs, 
Y537A  and  Y537S,  were  able  to  induce  transcription 
independently  of  ligand  to  approximately  20%  and 
100%  of  wild  type  maximal  E2-induced  activity,  re¬ 
spectively.  The  constitutive  activity  of  Y537A  and 
Y537S  was  observed  in  the  several  different  cell  and 
promoter  contexts  investigated,  and  this  constitutive 
activity  was  blocked  by  the  addition  of  antiestrogen. 
Y537S  ER  appears,  therefore,  to  be  in  a  fully  active 
conformation  while  Y537A  ER,  which  shows  only  par¬ 
tial  constitutive  activity,  demonstrates  a  dose-re¬ 
sponse  to  E2  that  is  similar  to  that  of  the  wild  type  ER. 
The  ligand-independent  transcriptional  activity  of 
Y537S  was  observed  over  a  broad  range  of  receptor 
concentrations  and,  notably,  its  activity  without  ligand 
was  of  the  same  magnitude  as  that  of  wild  type  ER 
with  E2  at  all  expression  plasmid  concentrations,  even 
very  low  nanogram  amounts  (Fig.  4).  In  some  circum- 
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Amount  of  ER  Expression  Vector  (ng) 

Fig.  4.  Transactivation  Activity  of  Wild  Type  and  Y537S  ERs  as  a  Function  of  Amount  of  Transfected  Receptor  Expression  Vector 
MDA-MB-231  cells  were  transiently  transfected  with  the  wild  type  or  mutant  ER  expression  vector  at  the  amount  indicated, 
2ERE-TK-CAT  reporter  plamid,  and  a  /3-galactosidase  internal  reporter  plasmid.  Before  harvesting,  cells  were  treated  for  24  h  with 
control  ethanol  vehicle  or  E2  at  1  x  10~sm.  Transactivation  was  determined  by  CAT  activity  normalized  to  the  internal 
/3-galactosidase  control  and  is  expressed  as  a  percent  of  the  wild  type  receptor  activity  with  100  ng  wild  type  ER  plasmid  and 

1X10  m  E2,  which  is  set  at  1 00%  Each  point  represents  the  mean  of  closely  corresponding  determinations  from  two  individual 
experiments. 


stances,  two  other  mutant  proteins,  Y537E  and 
Y537K,  also  exhibited  some  low  level  of  constitutive 
activity. 

Rather  remarkably,  the  magnitude  of  estrogen-inde¬ 
pendent  transcriptional  activity  of  the  Y537A  and 
Y537S  receptors  paralleled  very  closely  the  magnitude 
of  their  interaction  with  the  steroid  receptor  coactiva¬ 
tor  ,  SRC-1 ,  in  the  absence  of  estrogen.  In  addition,  the 
extent  of  E2  stimulation  of  transactivation  by  these  two 
receptors  in  the  presence  of  E2  was  also  mirrored  in 
their  extent  of  association  with  SRC-1,  implying  that 
the  ability  of  an  ER  to  associate  with  SRC-1  is  a  good 
indicator  of  a  transcriptionally  active  conformational 
state  of  the  ER,  be  it  constitutive  or  ligand-induced. 
The  presence  of  serine  at  amino  acid  537  in  the  re¬ 
ceptor  fully  shifts  the  receptor  into  an  activated  state, 
whereas  alanine  at  this  site  results  in  only  a  partial 
achievement  of  this  activated  state.  As  might  be  ex¬ 
pected,  antiestrogen  reduced  both  the  constitutive 
and  estrogen-stimulated  transcriptional  activities  and 
SRC-1  interacting  abilities  of  these  receptors.  These 
findings  and  our  direct  hormone-binding  studies,  con¬ 
ducted  with  the  Y537A  and  wild  type  ERs,  are  consis¬ 


tent  with  previous  observations  that  amino  acids  most 
important  in  E2  binding  in  this  region  of  the  receptor 
span  from  approximately  amino  acids  520  to  530  but 
do  not  extend  to  residues  immediately  carboxyl-  or 
amino-terminal  of  this  region  (9,  13,  24,  35).  Of  note, 
none  of  our  amino  acid  substitutions  destroyed  ER- 
transcriptional  activity,  implying  considerable  permis¬ 
siveness  in  the  character  of  the  amino  acid  that  can  be 
tolerated  at  position  537.  In  fact,  tyrosine  is  not  con¬ 
served  at  this  position  among  other  members  of  the 
nuclear  receptor  superfamily  (31-34).  Phosphorylation 
of  this  particular  tyrosine  thus  appears  not  to  be  nec¬ 
essary  for  good  receptor  activity,  at  least  in  the  cell 
and  promoter  contexts  we  have  examined. 

To  date,  the  three-dimensional  structure  of  the  ER 
has  not  been  determined.  However,  by  analogy  to 
recently  published  crystal  structures  of  other  nuclear 
receptors  (31-34),  we  can  predict  some  features  for 
ER.  In  Fig.  7,  the  ER  amino  acid  sequence  is  displayed 
in  alignment  with  human  retinoic  acid  receptor-y 
(hRARy),  rat  thyroid  hormone  receptor  art  (rTRart),  and 
human  retinoid  X  receptor-a:  (hRXRa).  The  a-helical 
character  of  liganded  RARy  and  TRal  and  unliganded 
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Fig.  5.  Transactivation  Ability  of  Y537  Mutant  Receptors  in  CHO  Cells  with  a  Minimal  Promoter 

CHO  cells  were  transiently  transfected  with  wild  type  or  mutant  ER  expression  vector,  2ERE-TATA-CAT  reporter,  and  a 
jS-galactosidase  internal  reporter  plasmid.  Before  harvesting,  cells  were  treated  for  24  h  with  ethanol  control  vehicle,  E2  at  1  x 
10-9m,  or  TOT  at  1  x  10_6m.  Transactivation  was  determined  by  CAT  activity  normalized  to  the  internal  /3-galactosidase  control 
and  is  expressed  as  a  percent  of  the  wild  type  receptor  activity  with  E2.  Each  bar  represents  the  mean  ±  sd  of  determinations 
from  two  to  four  individual  experiments. 


RXRa  is  depicted,  based  on  their  crystal  structures. 
When  aligned  with  the  unliganded  RXRa  molecule,  the 
tyrosine  at  537  of  ER  would  reside  in  an  a-helix  des¬ 
ignated  helix  1 2.  In  contrast,  in  RARy  and  TRal ,  struc¬ 
tures  crystallized  with  ligand,  the  location  of  helix  12 
has  shifted  downstream  so  that  the  Y537  of  ER  now 
lies  at  the  very  end  of  a  loop  region,  at  the  start  of  helix 
12.  Renaud  et  al.  (32)  suggest  that  a  conformational 
change  upon  ligand  binding  shifts  helix  12  toward  the 
N-terminal  portion  of  the  RARy  ligand-binding  domain, 
creating  a  transcriptionally  active  receptor.  This  find¬ 
ing,  in  light  of  the  ER  amino  acid  sequence  alignments, 
implies  that  even  small  modifications  at  position  537 
might  elicit  alterations  in  the  three-dimensional  struc¬ 
ture  of  hER  that  could  have  profound  effects  on  the 
constitutive  and  hormone-dependent  transcriptional 
activities  of  the  receptor.  One  explanation  of  our  data 
is  that  some  of  the  amino  acid  substitutions  intro¬ 
duced  at  position  537,  such  as  Y537A  and  Y537S, 
might  facilitate  the  shift  of  helix  12  into  an  active  con¬ 
formation  and/or  allow  for  differential  stabilization  of 
the  receptor  in  its  active  form,  enabling  a  transcrip- 
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Fig.  6.  Western  Immunoblot  Analysis  of  Wild  Type  and  Y537 
Mutant  ER  Expression  Levels 
Whole-cell  extracts  were  prepared  from  MDA-MB-231 
cells  transfected  with  wild  type  or  the  indicated  mutant  ER 
expression  plasmid.  At  24  h  after  transfection,  extracts  were 
prepared  and  ~150  /xg  of  total  protein  were  loaded  per  lane 
and  separated  by  SDS-PAGE.  The  66-kDa  ER  protein  (de¬ 
noted  by  arrow)  was  detected  using  the  anti-ER  antibody 
H226. 
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GST  WT  ER  Y537A  Y537S 


Fig.  7.  Interaction  of  Y537A,  Y537S,  and  Wild  Type  ERs  with 
Steroid  Receptor  Coactivator  Protein-1 

SRC-1  was  made  by  in  vitro  transcription  and  translation 
incorporating  [35S]methionine  and  was  incubated  with 
GST-ER  fusion  protein  that  had  been  adsorbed  onto  gluta- 
thione-Sepharose  resin.  Incubations  were  conducted  in  the 
presence  of  control  0.1%  ethanol  vehicle  (C),  1  X  10~6m 
estradiol  (E),  or  1  x  1  0~6m  frans-hydroxytamoxifen  (T).  Fusion 
proteins  were  GST  alone  (no  ER),  or  GST  fused  to  the  ligand¬ 
binding  domains  (amino  acids  282-595)  of  wild  type  ER, 
Y537A  ER,  or  Y537S  ER.  After  incubation  for  2.5  h  at  4  C,  the 
resins  were  extensively  washed,  and  retained  SRC-1  was 
then  eluted,  separated  by  SDS-PAGE,  and  visualized  after 
autoradiography. 


530  535  540  545 

hER  CKNVVP  -  L0DLLLEMLDA 

402  407  412  417 

hRARy  ME  I  PGP  -  MPPLl'  REMLEN 


rTRal  VECPTELFPPLFLEVFED 


I  I  II 

441  446  4^1  456 


hRXRa  LIGDTP  -  I  DTFLMEMLEA 


Fig.  8.  Location  of  Residue  Y537  in  the  ER  Aligned  Relative 
to  Related  Nuclear  Hormone  Receptors 

The  hER  amino  acid  sequence  was  aligned  to  the  se¬ 
quences  of  hRARy,  rTRal ,  and  hRXRa  (taken  from  Ref.  34). 
Representations  of  secondary  structure  from  x-ray  crystal¬ 
lography  are  shown  beneath  the  amino  acid  sequences.  Res¬ 
idue  Y537  of  the  hER  is  circled  to  show  its  position  relative  to 
the  a-helical  region  (helix  12)  for  liganded  hRARy  and  rTRal , 
or  unliganded  hRXRa. 


transcriptional  activity  in  the  absence  of  estrogen  (37). 
Thus,  changing  the  charge  of  E380  elicited  transcrip¬ 
tional  activity  similar  to  that  of  the  alanine  and  serine 
mutations  at  position  537  of  the  receptor.  With  regard 
to  the  hRARy  structure,  Renaud  et  al.  (32)  report  that 
upon  ligand  binding,  helix  12  is  stabilized  in  an  active 
conformation  by  an  important  salt  bridge  with  residue 
K264.  Based  on  sequence  comparison,  E380  of  the 
ER  aligns  with  K264  of  RARy  (34),  which  suggests 
that,  in  three-dimensional  space,  Y537  and  E380  are 
within  secondary  structural  elements  that  come  to¬ 
gether  when  the  receptor  is  activated. 

Although  previous  reports  have  suggested  that  ty¬ 
rosine  537  was  necessary  for  the  ability  of  the  receptor 
to  bind  hormone  (19-21)  or  bind  to  estrogen-response 
element  DNA  in  in  vitro  gel  shift  assays  (23),  our  stud¬ 
ies  in  intact  cells  do  not  support  these  conclusions. 
The  earlier  studies  examined  only  tyrosine  537 
changed  to  phenylalanine  and  were  based  on  hor¬ 
mone  binding  from  receptors  made  in  Baculovirus  or 
from  in  vitro  produced  receptor  which,  in  some  cases 
(21),  also  contained  an  incorrect  amino  acid  (valine)  at 
residue  position  400.  Possibly,  this  in  vitro  produced 
protein  did  not  fold  correctly  or  was  unstable.  Our 
experiments  show  that  ERs  containing  several  differ¬ 
ent  amino  acids  substituted  for  tyrosine  537,  when 
made  and  tested  in  intact  cells,  are  fully  able  to  acti¬ 
vate  ERE-dependent  transcription  in  the  presence, 
and  sometimes  even  in  the  absence,  of  E2.  In  addition, 
suppression  of  the  activity  of  these  receptors  by  an¬ 
tiestrogens  implies  that  the  transcriptional  activity  is 
indeed  receptor  mediated.  While  we  have  demon¬ 
strated  that  the  potentially  phosphorylatable  tyrosine 
537  is  not  required  for  E2-induced  transcriptional  ac¬ 
tivity  of  the  ER,  it  is  possible  that  this  tyrosine  might  be 
a  target  for  other  signaling  pathways  such  that  the 
character  of  this  residue  might  affect  the  ability  of 
some  growth  factors  to  regulate  ER  activity,  possibly 
in  a  tissue-specific  manner.  Additional  studies  will  be 
needed  to  address  these  aspects. 

We  conclude,  therefore,  that  Y537  is  in  a  region  of 
the  receptor  that  is  critical  for  ligand  regulation  of 
transcriptional  activities,  such  that  small  changes  in 
receptor  structure  (by  point  mutation  and  possibly 
other  modifications)  can  impact  greatly  on  the  biolog¬ 
ical  activity  of  the  receptor,  especially  in  its  unliganded 
state. 


\ 


tionally  active  conformation  even  in  the  absence  of 
ligand. 

Constitutive  transcriptional  activity  of  nuclear  recep¬ 
tors  is  a  rare  occurrence.  If  these  mutant  ERs  were  to 
arise  due  to  mutations  in  estrogen-responsive  cells, 
including  breast  or  uterine  cells  for  example,  they 
would  likely  be  quite  detrimental.  Previously,  our  lab¬ 
oratory  reported  on  a  different  mutation  in  the  ER 
ligand-binding  domain,  substitution  of  glutamine  for 
glutamic  acid  at  position  380  of  the  ER,  which  resulted 
in  a  mutant  receptor  displaying  substantial  constitutive 


MATERIALS  AND  METHODS 


Plasmids  and  General  Reagents 

The  plasmids  2ERE-pS2-CAT  (38),  2ERE-TK-CAT  (39), 
2ERE-TATA-CAT  (40),  pCMV5  hER  (41),  pCHIIO  (35),  and 
pCMV/3  (35,  41)  (Clonetech,  Palo  Alto,  CA)  have  been  previ¬ 
ously  described.  The  plasmid  encoding  SRC-1  (36)  was 
kindly  provided  by  Drs.  Ming  Tsai  and  Bert  O’Malley  (Baylor 
College  of  Medicine,  Houston,  TX).  The  plasmid  pGEX-2TK- 
ER,  which  contains  the  hER  spanning  amino  acids  282-595 
(42)  was  kindly  provided  by  Dr.  Myles  Brown  (Harvard  Med- 
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ical  School,  Boston,  MA).  The  vector  pTZ19R  was  kindly 
provided  by  Dr.  Byron  Kemper  (University  of  Illinois,  Urbana, 
IL)  and  pBluescript  II  SK+  was  from  Stratagene  (La  Jolla,  CA). 
Plasmids  were  purified  for  transfection  using  either  CsCI 
gradient  centrifugation  or  a  plasmid  preparation  kit  according 
to  the  manufacturer’s  instructions  (Qiagen,  Chatsworth,  CA). 
Restriction  enzymes  were  purchased  from  GIBCO  BRL 
(Gaithersburg,  MD)  and  New  England  Biolabs  (Beverly,  MA). 
Cell  culture  media,  calf  serum,  and  other  reagents  for  cell 
culture  were  purchased  from  GIBCO  BRL  and  Sigma  Chem¬ 
ical  Co. (St.  Louis,  MO).  For  Western  analysis,  nitrocellulose 
membrane  was  obtained  from  Millipore  (Marlborough,  MA), 
the  H226  antibody  was  kindly  provided  by  Dr.  Geoffrey 
Greene  (University  of  Chicago,  Chicago,  IL),  and  rabbit  anti¬ 
rat  IgG  was  purchased  from  Zymed  (San  Francisco,  CA). 
Radioisotopes  for  CAT  assays,  sequencing,  hormone-bind¬ 
ing  assays,  and  Western  blotting  were  purchased  from  Du¬ 
pont  NEN  (Boston,  MA)  and  Amersham  (Arlington  Heights, 
IL).  E2  was  from  Sigma,  and  TOT  and  IC1 1 64,384  were  kindly 
provided  by  Zeneca  Pharmaceuticals  (Macclesfield,  U.K.). 

Oligo-Directed  Mutagenesis 

The  1.8-kb  ER-containing  BamHI  fragment  from  pCMV5  hER 
was  cloned  into  the  BamHI  site  of  pBluescript  II  SK+.  Site- 
directed  mutagenesis  was  then  performed  according  to 
Kunkel  et  al.  (43)  using  the  following  oligo-nucleotides: 

GTGGTGCCCCTCGCAGATCTGCTGCTGGAG,  Y537A; 

GAACGTGGTACCCCTCTTCGACCTGCTGCTGG,  Y537F; 

GGTGCCCCTCAAAGATCTGCTGCTGG,  Y537K; 

GGTGCCCCTCGAGGACCTGCTGCTGG,  Y537E;  and 

GGTG CCCCT CT CAG AT CTGCTGCTGG ,  Y537S.  Oligonu¬ 
cleotides  were  purchased  from  GIBCO  BRL.  Screening  for 
the  desired  ER  mutations  was  done  by  restriction  enzyme 
analysis  via  silent  mutations  that  incorporated  a  BglU  site  into 
Y537A,  Y537K,  and  Y537S;  an  Xho\  site  into  Y537E;  and  a 
Kpn\  site  into  Y537F.  After  mutagenesis,  the  ER  cDNAs  were 
excised  from  pBluescript  II  SK+  using  BamHI  and  ligated  into 
the  BamHI  site  of  the  cytomegalovirus-driven  expression 
vector,  pCMV5,  kindly  provided  by  Dr.  David  Russell  (Univer¬ 
sity  of  Texas,  Dallas,  TX)  (44).  The  GST-ER  mutant  plasmids 
for  Y537A  and  Y537S  were  constructed  by  digesting  the 
pGEX-2TK-ER  hormone-binding  domain  wild  type  construct 
with  Eag\/Bsm\  to  excise  a  fragment  of  the  ER.  We  then 
inserted  Eag\/Bsm\  fragments,  which  contained  the  muta¬ 
tions  for  Y537A  or  Y537S  into  the  digested  pGEX-2TK  con¬ 
struct.  All  ER  mutations  were  then  confirmed  by  dideoxy 
sequence  analysis  using  a  Sequenase  2.0  kit  from 
Amersham. 

Cell  Culture  and  Transfections 

Transfections  were  done  in  either  ER-negative  human  breast 
cancer  MDA-MB-231  cells  or  CHO  cells.  Cells  were  main¬ 
tained  and  transfected  as  previously  described  (35,  41 ,  45). 
231  cells  were  plated  for  transfection  at  a  density  of  3  x  1 06 
cells/1 00  mm  dish  and  incubated  for  40-48  h  at  37  C  with  5% 
C02.  Transfections  were  performed  using  2.0  fig  of  either 
2ERE-pS2-CAT  or  2ERE-TK-CAT,  0.8  /xg  of  the  internal  ref¬ 
erence  /3-galactosidase  reporter  plasmid  pCMV/3,  0.1  jag  ER 
expression  vector,  and  pTZ19R  carrier  plasmid  to  15  jag  total 
DNA  per  1 00-mm  diameter  dish  of  cells.  Cells  were  incubated 
with  calcium  phosphate-  precipitated  DNA  for  4  h  and  then 
subjected  to  a  2.5-min  glycerol  shock,  using  20%  glycerol  in 
growth  medium,  followed  by  a  2.5-min  rinse  in  HBSS.  Ligand 
treatment  was  then  added  in  growth  medium.  CHO  cells  were 
plated  at  1  X  105  cells  per  1 00-mm  dish  and  transfected  with 
1 .6  jag  2ERE-TATA-CAT  reporter  plasmid,  0.3  jag  of  the  /3-ga- 
lactosidase  reporter  plasmid  pCH1 1 0,  0.01  jag  ER  expression 
vector,  and  pTZ19R  carrier  plasmid  to  8  jag  total  DNA  per 
60-mm  diameter  dish  of  cells.  Cells  were  incubated  with 
calcium  phosphate-precipitated  DNA  for  14  h  and  then  sub¬ 


jected  to  a  1.5-min  glycerol  shock,  using  20%  glycerol  in 
HBSS,  followed  by  a  1 .0-min  rinse  in  HBSS.  Ligand  treatment 
was  then  added  in  growth  medium.  In  each  case,  cells  were 
harvested  24  h  after  ligand  treatment  and  lysed  by  three 
cycles  of  freezing  on  dry  ice  and  thawing  at  37  C.  Transac¬ 
tivation  ability  as  determined  by  CAT  activity  of  the  whole-cell 
lysates  was  assayed  as  described  previously  (35,  41).  CAT 
assays  were  normalized  to  /3-galactosidase  activity  from  the 
cotransfected  internal  control  plasmid. 

Western  Analysis 

231  cells  were  transfected  in  1 00-mm  dishes  with  10  fig  ER 
expression  vector  and  5  fig  pTZ19R  carrier  plasmid  DNA. 
After  harvesting  in  cold  HBSS,  the  cells  were  centrifuged  at 
200  x  g  for  5  min  and  resuspended  in  20  mM  Tris  (pH  7.4),  0.5 
m  NaCI,  1 .0  mM  dithiothreitol,  1 0%  glycerol  (vol/vol),  50  /xg/ml 
leupeptin,  50  /xg/ml  aprotinin,  2.5  /xg/ml  pepstatin,  and  0.2 
mM  phenylmethylsulfonylfluoride.  Whole  cell  extracts  were 
obtained  by  subjecting  cells  to  three  rounds  of  freezing  on  dry 
ice  and  thawing  on  wet  ice  followed  by  centrifugation  at 
15,000  x  g  to  remove  cell  debris.  Equal  amounts  of  total 
protein  were  loaded  on  a  10%  SDS  polyacrylamide  gel.  Elec¬ 
trophoresis  and  Western  blotting  were  done  according  to 
standard  methods  (35).  Nitrocellulose  blots  were  probed  with 
the  hER-specific  primary  antibody  H226  at  2.0  /xg/ml,  then 
incubated  with  rabbit  anti-rat  IgG  (1 .0  /xg/ml),  and  detected 
with  125!-conjugated  protein  A. 

Hormone-Binding  Assays 

Binding  assays  for  E2  and  Scatchard  analysis  were  per¬ 
formed  as  described  previously  (35).  231  cells  were  trans¬ 
fected  and  whole-cell  extracts  were  prepared  as  for  Western 
blot  analysis.  Cell  extracts  were  then  incubated  with  concen¬ 
trations  of  [3H]E2  from  3  x  10-11m  to  2  X  10~8m  in  the 
presence  or  absence  of  a  1 00-fold  excess  of  radioinert  E2  to 
determine  nonspecific  and  total  binding,  respectively.  Ligand 
was  diluted  in  10  mM  Tris  (pH  7.4),  1.5  mM  EDTA  so  that  the 
final  ethanol  concentration  in  the  reactions  did  not  exceed 
1 .0%  (vol/vol).  Whole-cell  extracts  and  ligand  were  incubated 
together  at  4  C  overnight,  and  unbound  E2  was  removed  from 
the  samples  by  treatment  with  dextran-treated  charcoal  for 
15  min  at  4  C.  Approximately  1.0  fig  of  total  protein  was 
assayed  at  each  concentration  of  hormone.  Equilibrium  dis¬ 
sociation  constants  (Kd)  for  the  wild  type  and  mutant  ERs 
were  determined  by  Scatchard  analysis  (46). 

In  Vitro  Translation  of  SRC-1  and  Assays  of  Interaction 
With  ERs 

In  vitro  translation  of  SRC-1  (36)  was  performed  using  the 
Promega  TNT  kit  (Madison,  Wl).  Briefly,  1  /xg  SRC-1  vector 
was  mixed  with  25  /xl  TNT  rabbit  reticulocyte  lysate,  2  /xl  TNT 
buffer,  1  /xl  T3  RNA  polymerase  (20  U//xl),  and  4  /xl  p5S] 
methionine  (15  /xCi//xl)(ICN,  Costa  Mesa,  CA).  The  final  reac¬ 
tion  of  50  /xl  was  incubated  for  90  min  at  30  C.  The  translation 
efficiency  was  checked  by  analyzing  1  /xl  of  lysate  by  SDS- 
PAGE.  Glutathione  Sepharose  (Pharmacia,  Piscataway,  NJ) 
was  equilibrated  with  binding  buffer  (25  mM  Tris-HCI  (pH  7.9), 
10%  (vol/vol)  glycerol,  0.1  %  NP-40,  0.5  mM  dithiothreitol,  100 
mM  KCI).  Five  hundred  micrograms  of  Escherichia  coli  bac¬ 
terial  crude  extract  containing  GST  ER  hormone-binding  do¬ 
main  (amino  acids  282-595)  fusion  proteins  were  incubated 
at  4  C  with  25  jal  of  Sepharose  beads  for  2.5  h  in  the  presence 
of  control  (0.1  %  ethanol)  vehicle  or  hormone  (E2  or  TOT  at  1 
/xm  concentration).  After  three  washes,  the  beads  were  incu¬ 
bated  with  5  /xl  of  in  vitro  translated  SRC-1  for  2.5  h  in  the 
presence  of  control  vehicle  or  hormone  at  4  C.  The  beads 
were  washed  three  times  with  1  ml  binding  buffer  and  two 
times  with  1  ml  of  binding  buffer  containing  300  mM  KCI.  After 
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washing,  the  beads  were  boiled  in  SDS  sample  buffer,  and 
one-fourth  of  each  protein  sample  was  analyzed  by  SDS- 
PAGE.  The  gel  was  dried  and  detected  by  autoradiography. 
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The  estrogen  receptor  (ER)  is  a  ligand-regulated 
transcription  factor  that  acts  at  the  promoters  of 
estrogen-regulated  genes  to  modulate  their  ex¬ 
pression.  In  the  present  study,  we  examined  three 
estrogen-regulated  promoters,  namely  the  rat  pro¬ 
gesterone  receptor  gene  distal  (PRD)  and  proximal 
(PRp)  promoters  and  the  human  pS2  gene  pro¬ 
moter,  and  observed  marked  differences  in  their 
sensitivity  to  stimulation  by  estrogen  and  repres¬ 
sion  of  estrogen-stimulated  transcription  by 
antiestrogen  (AE)-occupied  ER.  ER-containing 
MCF-7  human  breast  cancer  cells  were  trans¬ 
fected  with  reporter  gene  constructs  containing 
estrogen  response  elements  upstream  of  the  three 
gene  promoters.  In  this  system,  PRP  and  PRD 
showed  similar  dose-response  curves  for  stimula¬ 
tion  by  estradiol  whereas  pS2  was  activated  by 
even  lower  concentrations  of  estradiol.  By  con¬ 
trast,  PRd  was  much  less  sensitive  to  repression  of 
estrogen-stimulated  activity  by  all  AEs  studied,  rel¬ 
ative  to  the  PRp  and  the  pS2  promoters.  Using 
deletion  and  mutational  analysis,  we  have  identi¬ 
fied  a  transferable  c/s  element  at  -131  to  -94  bp  in 
PRd  that  is  involved  in  modulating  the  sensitivity  of 
this  promoter  to  both  estrogens  and  AEs.  The  ele¬ 
ment  reduced  the  magnitude  of  estrogen-stimu¬ 
lated  activity,  enhanced  the  ability  of  AEs  to  re¬ 
press  estrogen-stimulated  activity,  and  elicited 
similiar  effects  when  transferred  to  the  promoter  of 
another  estrogen-responsive  gene.  Thus,  removal 
of  this  region  from  PRD  further  accentuated  the 
insensitivity  of  this  promoter  to  AE  while  enhancing 
its  sensitivity  (both  EC50  and  fold  induction)  to  es- 
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trogen.  Gel  mobility  shift  assays  showed  that  pro¬ 
teins  from  nuclear  extracts  of  MCF-7  cells  interact 
with  this  element  and  that  the  binding  of  these 
proteins  is  inversely  correlated  with  the  transcrip¬ 
tional  effectiveness  of  the  ER.  The  findings  dem¬ 
onstrate  that  a  specific  c/s  element  from  the  pro¬ 
moter  of  an  estrogen-responsive  gene  can  alter 
the  transcriptional  activity  of  hormone  and  antihor- 
mone-occupied  receptor  bound  at  its  response  el¬ 
ement  near  the  promoter.  Such  ligand  response 
modulatory  elements,  and  changes  in  the  levels 
and  activity  of  factors  that  bind  to  such  elements, 
may  underlie  the  different  sensitivities  of  steroid 
hormone-regulated  genes  to  both  hormones  and 
antihormones.  (Molecular  Endocrinology  11:  330- 
341,  1997) 


INTRODUCTION 

Steroid  hormones,  such  as  estrogen,  modulate  gene 
expression  via  intracellular  receptors  that  belong  to  a 
large  superfamily  of  hormone-regulated  transcription 
factors.  In  the  case  of  the  estrogen  receptor  (ER),  the 
binding  of  estrogen  initiates  a  process  of  receptor 
activation  that  includes  the  high-affinity  binding  of  ER 
to  specific  DNA  sequences,  termed  estrogen  re¬ 
sponse  elements  (EREs).  The  interaction  of  ER  with 
EREs  results  in  the  modulation  of  specific  gene  ex¬ 
pression,  through  which  the  physiological  actions  of 
estrogens  are  manifested  (for  reviews,  see  Refs.  1-5). 
The  regulatory  actions  of  estrogens  on  gene  expres¬ 
sion,  which  are  generally  stimulatory,  can  be  inhibited 
by  potent  synthetic  ER  antagonists  (6)  termed  anties¬ 
trogens  (AEs). 
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The  promoters  of  many  known  estrogen-regulated 
genes  are  complex,  with  binding  sites  for  other  tran¬ 
scription  factors  in  addition  to  ER.  Positive  and  nega¬ 
tive  interactions  between  ER  and  these  transcription 
factors,  which  may  be  promoter-  or  cell-specific,  pro¬ 
vide  an  important  step  at  which  ER  function  may  be 
regulated  (reviewed  in  Refs.  1, 4,  and  5).  A  number  of 
studies  from  this  laboratory  and  others  have  demon¬ 
strated  the  significance  of  promoter  and  cell  context  in 
modulating  responses  to  both  estrogens  and  AEs 
(7-9). 

In  the  present  study,  we  observed  marked  differ¬ 
ences  in  the  sensitivities  of  three  estrogen-regulated 
promoters  to  repression  by  AEs,  suggesting  the  in¬ 
volvement  of  promoter-specific  factors  capable  of 
modulating  the  activity  of  the  ER.  Using  several  ap¬ 
proaches,  we  have  identified  a  transferable  c/s  ele¬ 
ment  in  the  rat  progesterone  receptor  (PR)  gene  distal 
promoter  that  is  involved  in  modulating  promoter  sen¬ 
sitivity  to  both  estrogens  and  AEs.  Gel  mobility  shift 
assays  have  been  used  to  show  that  proteins  from 
nuclear  extracts  of  MCF-7  human  breast  cancer  cells 
interact  with  this  ligand  response  modulatory  element 
(LRME)  and  that  the  binding  of  these  proteins  is  in¬ 
versely  correlated  with  the  transcriptional  effective¬ 
ness  of  ER.  Our  results  demonstrate  that  c/s- acting 
elements  in  the  promotor  region  of  estrogen-respon¬ 
sive  genes  can  alter  the  transcriptional  activity  of  es¬ 
trogen-  and  AE-occupied  ER  bound  at  its  response 
element  near  a  promoter.  Such  ligand  response  mod¬ 
ulatory  elements  may  be  broadly  applicable  in  the 
actions  of  many  nuclear  receptors  in  which  gene-spe¬ 
cific  modulation  of  hormonal  induction  is  known,  but 
the  underlying  basis  is  poorly  understood. 


RESULTS 

Examination  of  the  Differential  Sensitivity  of 
Several  Estrogen-Stimulated  Promoters  to 
Repression  by  AEs 

As  shown  in  Fig.  1,  we  analyzed  three  estrogen-regu¬ 
lated  promoters  [the  PR  gene  distal  and  proximal  pro¬ 
moters  (PRd  and  PRP)  and  the  promoter  of  the  human 
pS2  gene;  pS2]  for  their  relative  sensitivity  to  the  stim¬ 
ulatory  actions  of  estrogen  and  the  repressive  actions 
of  AEs.  We  previously  cloned  the  5'-flanking  region  of 
the  rat  PR  gene  and  demonstrated  the  presence  of  two 
promoters,  a  distal  promoter  (-131  to  +65;  PRD)  and 
a  proximal  promoter  (+461  to  +675;  PRP)  (10),  and  we 
have  shown  that  these  promoters  are  functionally  dis¬ 
tinct  with  respect  to  activation  by  ER-dependent  path¬ 
ways  (11).  The  PR  distal  and  proximal  promoters  con¬ 
trol  production  of  the  B  and  A  isoforms  of  the  PR  (ca. 
120-  and  90-kDa,  respectively),  and  the  pS2  promoter 
regulates  production  of  a  growth  factor-like  secreted 
protein  whose  function  is  not  completely  known  (12). 

For  the  studies  in  Fig.  1,  MCF-7  human  breast  can¬ 
cer  cells,  which  contain  high  levels  of  endogenous  ER, 


were  transfected  with  chloramphenicol  acetyltrans- 
ferase  (CAT)  reporter  constructs  containing  two  con¬ 
sensus  EREs  upstream  of  the  pS2,  PRP  or  PRD  pro¬ 
moters.  Extracts  from  the  cells  were  analyzed  for  CAT 
activity  after  treatment  with  the  lowest  maximally  stim¬ 
ulatory  concentration  of  estradiol  (E2;  10-9  m)  in  the 
absence  or  presence  of  a  500-  or  1000-fold  excess  of 
the  AEs,  ICI  164,384  (ICI)  or  LY  117018  (LY),  respec¬ 
tively.  As  shown  in  Fig.  1,  E2  stimulated  large  (/.e.  50- 
to  130-fold)  increases  in  the  activity  of  the  three  pro¬ 
moter-reporter  gene  constructs.  The  AEs  (ICI  and  LY) 
alone  evoked  essentially  no  activity,  and  they  were 
able  to  repress  greater  than  90%  of  the  E2-stimulated 
CAT  activity  from  either  the  pS2  or  PRp  promoter- 
containing  reporters.  Of  note,  the  AEs  were  substan¬ 
tially  less  effective  at  repressing  E2-stimulated  activity 
from  the  PRD-containing  reporter  (Fig.  1;  and  further 
investigated  in  Fig.  3  below). 

Characterization  of  a  Region  of  the  PRD 
Promoter  that  Modulates  Sensitivity  to  Estrogen 
and  AE:  Deletion  and  Mutational  Analyses 

We  further  analyzed  PRD  to  identify  region(s)  involved 
in  modulating  the  sensitivity  of  the  promoter  to  the 
suppressive  effects  of  AE  on  E2-stimulated  activity. 
Reporter  constructs  containing  two  consensus  EREs 
upstream  of  the  full-length  PRD,  or  deletion  mutants  of 
PRd,  were  analyzed  for  stimulation  by  E2  and  repres¬ 
sion  by  ICI.  The  results  are  shown  in  Fig.  2A.  Deletion 
of  the  -131  to  -94  Xmn\/Bsm\  fragment  from  PRD 
(to  generate  a  truncated  promoter  denoted  PRD  B/N, 
since  this  truncated  promoter  contains  the  region  -94 
to  +65,  which  spans  from  the  Bsm\  to  the  Nhe\  re¬ 
striction  sites)  resulted  in  approximately  2-fold  higher 
induction  by  E2  than  was  observed  with  the  full-length 
promoter  (Fig.  2A;  compare  line  2  with  line  1).  Surpris¬ 
ingly,  we  also  observed  a  2-fold  decrease  in  the  sen¬ 
sitivity  of  the  deleted  promoter  to  the  inhibitory  actions 
of  ICI  relative  to  the  full-length  promoter  (Fig.  2A).  This 
indicates,  as  shown  in  Fig.  3  also  (see  below),  that  the 
-131  to  -94  region  plays  a  role  in  modulating  the 
sensitivity  of  PRD  to  both  estrogens  and  AEs  and  that 
in  its  absence  (as  in  PRDiB/n),  PRD  gene  responsive¬ 
ness  to  estrogen  and  AE  is  even  more  discordant  than 
that  of  PRp  and  pS2. 

Further  deletion  of  the  PRD  promoter  to  -67  re¬ 
sulted  in  a  substantial  loss  of  estrogen-inducible  ac¬ 
tivity  (line  3).  Deletion  from  the  3'-end  of  PRD  (the  +25 
to  +65  region)  similarly  reduced  promoter  activity  (line 
4  vs.  line  1),  and  further  deletion  to  +1  almost  fully 
destroyed  PRD  activity  (line  5),  as  expected.  We  also 
tested  PRd  in  the  context  of  the  natural  estrogen- 
responsive  sequences  of  the  PR  gene  (line  6).  With  the 
ERE-like  sequences  contained  in  the  five  estrogen- 
responsive  fragments  of  the  rat  PR  gene  linked  to¬ 
gether  and  placed  upstream  of  PRD  [5E-PRD-CAT 
(11)],  we  observed  good  stimulation  by  E2  [50%  of  the 
magnitude  observed  with  (ERE)2-PRD-CAT,  line  1]  and 
the  same  poor  sensitivity  to  repression  by  ICI  (Fig.  2A, 
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Fig.  1.  Differential  Sensitivity  of  Three  Promoters  to  the  Inhibitory  Actions  of  AEs 

MCF-7  cells  were  transfected  with  CAT  reporter  constructs  containing  two  consensus  EREs  upstream  of  the  pS2  promoter 
[-90  to  +10;  (ERE)2-pS2-CAT],  the  proximal  promoter  of  the  rat  PR  gene  [-131  to  +65;  (ERE)2-PRP-CAT|,  or  the  distal  promoter 
of  the  rat  PR  gene  [+461  to  +  675;  (ERE)2-PRD-CAT],  and  a  /3-galactosidase  expression  plasmid,  used  as  an  internal  control  to 
correct  for  transfection  efficiency,  as  described  in  Materials  and  Methods.  The  cells  were  then  treated  for  24  h  with  the  estrogen 
E2  (10-9  m),  or  the  AE  ICI  164,384  (ICI,  5  x  1CT7  m)  or  LY  117018  (LY,  10-6  m)  alone  or  in  the  combinations  as  indicated.  Cell 
extracts  were  prepared  and  analyzed  for  CAT  activity  as  described  in  Materials  and  Methods.  The  activity  for  each  construct  was 
expressed  as  a  percent  of  the  activity  observed  with  E2  treatment  alone,  which  is  set  at  100%.  Each  bar  represents  the  mean  of 
three  or  more  separate  determinations  +  sem.  The  numbers  above  the  E2  bar  show  the  fold  induction  observed  with  E2  alone  for 
each  of  the  three  promoter  constructs. 


line  6,  only  60%  repression)  as  seen  with  2ERE-PRD- 
CAT  (line  1).  This  indicates  that  the  unusual  resistance 
of  PRd  to  AE  inhibition  is  a  function  of  the  5'-flanking 
region  to  -131  and  not  the  nature  of  the  estrogen- 
response  element  regions. 

Mutagenesis  of  the  -131  to  -84  region  of  PRD  (Fig. 
2B)  identified  a  nucleotide  sequence  that  appears  to 
be  involved  in  conferring  differential  sensitivity  to  stim¬ 
ulation  by  estrogen  and  repression  by  AEs.  Introduc¬ 
tion  of  mutations  at  -115  to  -110  of  the  PR  gene 
distal  promoter  (Mut3)  increased  the  magnitude  of  the 
response  to  E2  (2 -fold)  and  decreased  the  ability  of  ICI 
to  suppress  E2-mediated  transactivation  with  respect 
to  the  wild  type  promoter  construct,  reproducing  what 
was  observed  upon  deletion  of  the  -131  to  -94  re¬ 
gion  of  PRD  (Fig.  2A,  line  2).  Mutations  in  the  nucleo¬ 
tide  sequence  corresponding  to  the  putative  CTF/ 
NF-1  site  (Mut  4  and  Mut  5)  decreased  E2-mediated 
transactivation  from  PRD  to  40-50%  of  the  wild  type 
promoter,  suggesting  an  involvement  of  CTF/NF-1  nu¬ 
clear  factors  in  estrogen  regulation  of  PRD,  possibly 
similar  to  that  observed  previously  for  the  vitellogenin 


B1  gene  (13).  Mutations  at  other  sites  within  the  -131 
to  -84  region  (Mut  1,  2,  and  6)  had  relatively  little 
effect  on  the  response  to  E2  or  ICI. 

Analysis  of  the  Relationship  between  Estrogen 
Stimulation  of  the  Three  Promoters  and  the 
Sensitivity  of  the  Three  Promoters  to  AE 
Repression 

We  performed  E2  and  AE  (ICI)  dose-response  experi¬ 
ments  using  the  estrogen-responsive  reporter  con¬ 
structs  containing  the  three  different  promoters  (PRD, 
PRP,  and  pS2).  We  also  assessed  whether  the  de¬ 
creased  sensitivity  of  the  -131  to  -94  deleted  PRD 
(i.e.  the  PRDiB/n  promoter)  to  AE  was  attributable  to  the 
greater  sensitivity  of  PRd  b/n  to  stimulation  by  E2 
relative  to  PRD. 

The  PRP  and  PRD  gene  promoter  constructs 
showed  similar  dose-response  curves  for  stimulation 
by  E2  (Fig.  3A),  with  half-maximal  stimulation  at  ap¬ 
proximately  3  x  10-11  m  E2.  The  pS2  promoter-con¬ 
taining  construct  [(ERE)2-pS2-CAT]  showed  a  2-  to 
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Fig.  2.  Identification  of  a  Region  of  PRD  Involved  in  ER-Ligand  Sensitivity 

Panel  A,  Estrogen  stimulation  and  AE  (ICI)  repression  were  examined  using  (ERE)2-PRD-CAT  or  CAT  reporter  constructs 
containing  two  EREs  upstream  of  PRD  deletion  mutants  (lines  1-5),  or  CAT  reporter  constructs  containing  the  five  natural 
ERE-containing  estrogen-responsive  regions  of  the  PR  gene  linked  together  and  placed  upstream  of  PRD  (line  6),  which  were 
transfected  into  MCF-7  cells  as  described  in  the  legend  of  Fig.  1 .  Differential  responsiveness  of  the  reporter  constructs  to  E2  (1  Cr9 
m)  and  to  repression  of  E2-stimu!ated  activity  by  ICI  (5x1 0~7  m)  was  monitored.  The  magnitude  of  transactivation  of  the  full-length 
PRd  in  response  to  E2  was  set  at  100%.  Percent  repression  with  ICI  indicates  the  percent  inhibition  of  E2-stimulated  activity 
observed  for  each  reporter  construct  upon  cotreatment  with  10~9  m  E2  and  5  x  10^7  m  ICI.  Each  value  represents  the  mean  of 
three  or  more  separate  determinations  ±  sem.  Panel  B,  Mutagenesis  of  the  region  from  -131  to  -80  encompassing  the 
Xmn\/Bsm\  fragment  of  PRD  results  in  differential  responsiveness  to  E2  (1 0-9  M)  and  repression  of  E2-stimulated  activity  by  ICI 
(5  x  10~7M).  Shown  is  the  nucleotide  sequence  of  the  -131  to  -80  region  of  the  PRD  promoter.  The  mutated  nucleotides  are 
indicated  by  the  boxed  regions  in  mutants  1  to  6.  The  CCAAT  motif,  Spl -binding  site,  and  putative  binding  site  for  CTF/NFI  are 
also  indicated.  CAT  reporter  constructs  containing  two  EREs  upstream  of  the  mutated  PRD  were  examined  for  E2  responsiveness 
and  for  suppression  of  E2-mediated  transactivation  by  ICI  as  described  in  the  legend  of  Fig.  1 .  The  magnitude  of  transactivation 
of  wild  type  PRD  in  response  to  E2  was  set  at  100%.  Percent  repression  with  ICI  indicates  the  percent  inhibition  of  E2-stimulated 
activity  observed  for  each  reporter  construct  upon  cotreatment  with  10-9  m  E2  and  5  x  10^7  m  ICI.  Each  value  represents  the 
mean  of  three  or  more  separate  determinations  ±  sem. 
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Fig.  3.  Dose-Dependent  Stimulatory  Effects  of  E2  (Panel  A) 
and  Dose-Dependent  Inhibitory  Effects  of  ICI  on  E2  (1 0-9 
M)-Stimulated  CAT  Activity  (Panel  B)  Using  the  Three  Estro¬ 
gen-Responsive  Promoter-Reporter  Constructs 

Constructs  are  defined  in  Figs.  1  and  2.  The  truncated  PRD 
is  denoted  PRD  B/N  and  lacks  the  -131  to  -94  Xmn\/Bsm\ 
fragment  of  the  PRD  promoter.  Each  value  represents  the 
mean  of  three  or  more  separate  determinations  ±  sem. 


3-fold  greater  maximal  CAT  activity,  and  half-maximal 
activity  required  5-  to  10-fold  less  E2  (—5  x  10-12  m 
E2,  Fig.  3A).  The  pS2  and  PRP  promoter  constructs 
were  equally  and  highly  sensitive  to  suppression  of 
E2-stimulated  CAT  activity  by  the  AE  ICI,  whereas  the 
PRd  promoter  was  much  less  sensitive  to  ICI  suppres¬ 
sion  over  the  entire  concentration  range  tested  (Fig. 
3B),  consistent  with  the  data  shown  in  Fig.  1 ,  in  which 
only  a  single  concentration  of  ICI  was  used  to  inhibit  E2 
activation.  Thus,  promoters  that  have  similar  sensitiv¬ 
ities  to  the  stimulatory  actions  of  estrogens  can  have 
very  different  sensitivities  to  the  inhibitory  actions  of 
AEs. 

Shown  in  Fig.  3,  panels  A  and  B,  is  our  observation 
that  deletion  of  the  -131  to  -94  portion  of  the  PRD 
promoter  [to  give  (ERE)2-PRD  B/N-CAT|  resulted  in  a 
3-fold  increase  in  the  magnitude  of  CAT  activity  in 
response  to  E2  (Fig.  3A)  and  also  resulted  in  a  reduced 
sensitivity  to  suppression  by  ICI  relative  to  that  shown 
by  the  intact  PRD  promoter  construct  [(ERE)2-PRD- 
CAT]  (Fig.  3B).  In  addition,  the  truncated  promoter 
construct  [(ERE)2-PRD  B/N-CAT]  required  10-fold  less 
E2  (/.e.  ~3  x  10-12  m  E2)  for  half-maximal  activity 


compared  with  the  PRD-containing  reporter  [(ERE)2- 
PRd-CAT]  (Fig.  3A). 

It  is  of  note  that  although  the  PRD  B/N  ar|d  the  P$2 
promoter  constructs  required  similar  E2  concentra¬ 
tions  for  half-maximal  activity,  they  had  very  different 
dose-response  curves  for  suppression  by  ICI  (Fig.  3B). 
These  results  illustrate  the  lack  of  correlation  between 
the  estrogen  and  AE  sensitivities  of  a  particular  pro¬ 
moter  and  suggest  that  the  decreased  sensitivity  of 
PRd,b/n  to  repression  by  ICI  relative  to  PRD  was  not 
related  to  its  increased  sensitivity  to  the  stimulatory 
actions  of  E2. 

Our  initial  expectation  in  deletion  and  mutagenesis 
studies  in  the  PRD  promoter  was  that  we  would  iden¬ 
tify  a  region  conferring  the  resistance  that  this  pro¬ 
moter  shows  to  AE  antagonism.  We  failed  to  find  such 
a  region  as  far  as  we  were  able  to  study  through 
deletions  and  mutations.  Although  this  aspect  merits 
further  study,  we  have  found  that  further  deletions  (Fig. 
2,  lines  3-5)  reduced  estrogen  responsiveness  of  the 
promoter,  complicating  such  an  approach.  On  the 
other  hand,  in  the  PRD  gene,  we  have  made  the  un¬ 
usual  observation  that  a  small  region  in  PRD  has  a 
strong  modulatory  effect  on  estrogen  and  AE  respon¬ 
siveness,  an0  its  presence  confers  higher  estrogen 
sensitivity  and  higher  AE  repression,  even  though 
overall  the  PRD  is  less  estrogen  and  AE  responsive 
than  other  genes  such  as  pS2  and  PRD.  Therefore,  we 
investigated  this  modulatory  element  further. 

Evaluation  of  the  -131  to  -94  Region  of  the  PRD 
Promoter  as  a  Transferable  c/s  Element 

To  determine  whether  the  -131  to  -94  Xmn\/Bsm\ 
fragment  of  PRD  had  the  properties  of  a  cis  element, 
one  or  two  copies  of  the  fragment  were  cloned  50  bp 
upstream  of  the  EREs  in  both  the  (ERE)2-PRD-CAT  and 
(ERE)2-PRD,B/N  -CAT  reporter  constructs  (Fig.  4).  In  the 
context  of  the  full-  length  PRD,  which  contains  the 
-131  to  -94  region  in  its  natural  location,  the  pres¬ 
ence  of  additional  Xmn\/Bsm\  (i.e.  -131  to  -94)  frag¬ 
ments  resulted  in  no  substantial  change  in  magnitude 
of  E2-stimulated  activity  or  ICI  repression  (Fig.  4,  lines 
1-3).  Deletion  of  the  -131  to  -94  fragment  from  PRD 
caused  a  doubling  of  the  level  of  induction  by  E2  and 
a  reduction  in  the  magnitude  of  repression  by  ICI  (Fig. 
4,  line  4),  as  noted  earlier  in  Figs.  2  and  3.  The  addition 
of  one  Xmn\/Bsm\  fragment  50  bp  upstream  of  the  two 
EREs  in  (ERE)2-PRD  B/N-CAT  reduced  E2-inducibility 
by  50%  with  no  change  in  AE  repression  (Fig.  4,  line  5 
vs.  line  4).  Two  Xmn\/Bsm\  fragments  had  the  same 
effect  on  the  level  of  E2  induction  and  gave  a  greater 
(67%)  repression  by  the  AE  ICI  (Fig.  4,  line  7),  as  seen 
with  the  intact  PRD  (Fig.  4,  line  1).  The  effect  was  not 
seen  with  the  mutated  (Mut  3)  form  of  the  Xmn\/Bsm\ 
fragment  (Fig.  4,  line  6).  Therefore,  the  effect  of  the 
-131  to  -94  fragment  was  to  reduce  E2  stimulation 
and  increase  ICI  repression. 

The  activity  of  the  -131  to  -94  fragment  was  also 
observed  in  the  context  of  the  promoter  of  another 
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Fig.  4.  The  -131  to  -94  Region  of  PRD  Acts  as  a  Transferable  c/s  Element 
CAT  reporter  constructs  containing  two  EREs  upstream  of  either  PRD  (-131  to  +65  bp)  or  the  truncated  PRD  (-94  to  +65  bp) 
denoted  PRDrB/N  [lines  1-7]  or  pS2  (-90  to  +10  bp)  [lines  8-1 0]  with  one  or  two  copies  of  the  -131  to  -94  Xmn\/Bsm\  fragment 
of  PRd  cloned  50  bp  upstream  of  the  EREs,  were  examined  for  E2  responsiveness  and  for  repression  of  E2-stimulated  CAT  activity 
by  ICI  in  MCF-7  cells  as  described  in  the  legend  of  Fig.  1.  For  line  6  and  line  10,  one  copy  of  the  -131  to  -94Xmnl/fisml  fragment 
containing  the  mutated  nucleotides  in  mut3  (see  Fig.  2B)  was  cloned  upstream  of  ERE-containing  PRd  B/N  or  pS2,  respectively. 
The  magnitude  of  transactivation  of  wild  type  PRD  or  wild  type  pS2  (without  an  Xmn\/Bsm\  fragment  cloned  upstream  of  the  ERE) 
was  set  at  100%.  The  percent  repression  with  ICI  indicates  the  percent  inhibition  of  E2-stimulated  activity  observed  for  each 
construct  upon  cotreatment  with  10~9  m  E2  and  5  x  1CT7  m  ICI.  Each  value  represents  the  mean  of  three  or  more  separate 
determinations  ±  sem. 


estrogen-responsive  gene.  When  the  fragment  was 
cloned  upstream  of  the  EREs  in  the  (ERE)2-pS2-CAT 
reporter  construct,  E2-stimulated  CAT  activity  was  re¬ 
duced  to  approximately  30%  when  compared  with 
(ERE)2-pS2-CAT  lacking  the  fragment  (Fig.  4,  lines 
8-9).  ICI  suppression,  which  in  (ERE)2-pS2  itself  was 
greater  than  90%,  remained  strong  and  unaffected,  as 
expected  (since  ICI  repression  was  complete  and 
could  not  be  increased  further).  This  effect  on  E2  stim¬ 
ulation  was  specific  for  the  intact  -131  to  -94  Xmnl/ 
Bsml  fragment  and  was  not  observed  when  the  Xmnl/ 
Bsml  fragment  contained  the  Mut3  mutations  (Fig.  4, 
line  10).  Thus,  the  -131  to  -94  Xmnl/Bsml  fragment 
satisfies  two  criteria  of  a  regulatory  cis  element  in  that 
it  is  positionally  independent  and  is  transferable,  being 
active  in  the  context  of  a  heterologous  promoter,  in 
this  case,  the  promoter  of  another  estrogen-respon¬ 
sive  gene. 


Analysis  of  the  Effects  of  the  -131  to  -94 
Region  of  the  PRD  Promoter  on  Another  Mediator 
of  ER  Action 

The  preceding  studies  examined  the  effects  of  the 
-131  to  -94  region  of  PRD  on  the  actions  of  a  typical 
positive  regulator  of  ER  function,  namely  E2,  and  a 
typical  fully  negative  regulator  of  ER  function,  namely 
the  AE  ICI.  Since  the  ligand  frans-hydroxytamoxifen 
(TOT)  is  a  partial  agonist/antagonist  that  can  exhibit 
agonistic  activity  in  certain  promoter  contexts  (5-9), 
we  wanted  to  determine  whether  the  -131  to  -94 
region  of  PRD  could  also  modulate  the  agonistic  effect 
of  TOT. 

As  shown  in  Fig.  5,  we  examined  the  ability  of  the 
-131  to  -94  region  of  PRD  to  reduce  the  agonistic 
actions  of  TOT  on  different  promoters,  similar  to  the 
way  it  reduced  the  agonistic  actions  of  E2  as  described 


MOL  ENDO  ■  1997 
336 


Vol  11  No.  3 


Fig.  5.  The  Effects  of  the  -131  to  -94  Region  of  PRD  on  the 
Estrogen  Agonist  Activity  of  TOT 
The  (ERE)2-PRd-CAT,  (ERE)2-PRdb/n-CAT,  (ERE)2-PRp- 
CAT,  or  (ERE)2-pS2-CAT  reporters  were  examined  for  re¬ 
sponsiveness  to  the  stimulatory  (agonistic)  actions  of  TOT 
(panels  A  and  B)  using  MCF-7  cells  as  described  in  Materials 
and  Methods.  The  activity  for  each  construct  is  expressed  as 
a  percent  of  the  maximal  stimulation  observed  with  10-9  m 
E2.  Each  value  represents  the  mean  of  three  or  more  separate 
determinations  ±  sem. 


above.  Reporter  constructs  lacking  the  -131  to  -94 
XmnUBsml  fragment  from  PRD  [i.e.  (ERE)2-PRD  B/N- 
CAT  and  (ERE)2-pS2-CAT]  showed  dose-dependent 
increases  in  CAT  activity  in  response  to  treatment  with 
TOT  (Fig.  5,  panels  A  and  B)  that  were  greater  in 
magnitude  than  that  of  constructs  containing  the 
-131  to  -94  XmnUBsml  fragment  [(ERE)2-PRD-CAT, 
Fig.  5A].  In  addition,  deletion  of  the  -131  to  -94 
fragment  from  PRD  resulted  in  a  promoter  construct  in 
which  the  EC50  was  lowered  about  1 0-fold,  from  1 0-10 
m  for  (ERE)2-PRd-CAT  to  approximately  10”11  m  for 
(ERE)2-PRD  B/N  -CAT.  Also,  addition  of  the  XmnUBsml 
fragment  to  PRD>B/N  (to  give  X/B-(ERE)2-PRDB/N)  re¬ 
duced  TOT  stimulation  back  to  that  of  the  intact  PRD 
construct  (Fig.  5A).  The  same  effect  was  seen  with  a 
different  promoter  (the  pS2  gene  promoter,  Fig.  5B),  in 
which  addition  of  the  XmnUBsml  fragment  [i.e.  X/B- 
(ERE)2-pS2-CAT]  resulted  in  a  great  reduction  in  the 


response  to  TOT,  whereas  addition  of  a  mutated  XmnU 
Bsml  fragment  [X/Bmut3(ERE)2-pS2-CA7]  resulted  in 
virtually  no  change  in  the  response  to  TOT  (Fig.  5B). 
Thus,  the  -131  to  -94  region  of  PRD  reduced  the 
ability  of  ER  to  respond  positively  to  at  least  two  dif¬ 
ferent  types  of  stimulatory  signals,  namely  E2  and  TOT 
acting  as  an  estrogen  agonist. 

Interaction  of  MCF-7  Cell  Factors  with  the  -131 
to  -94  Region  of  PRD 

The  identification  of  a  region  of  PRD  {i.e.  the  -131  to 
-94  region)  that  can  alter  the  sensitivity  of  the  pro¬ 
moter  to  the  stimulatory  actions  of  estrogens  and  the 
inhibitory  actions  of  AEs  suggested  the  presence  of  a 
specific  trans- acting  factor(s)  that  could  interact  with 
this  region.  One  major  band  (indicated  in  Fig.  6B)  was 
detected  in  gel  mobility  shift  assays  using  extracts 
from  MCF-7  cells  and  a  radiolabeled  double-stranded 
oligomer  containing  the  -131  to  -94  sequence 
(shown  in  Fig.  6A).  The  band  was  competed  by  a 
50-fold  or  25-fold  excess  amount  of  unlabeled  oli¬ 
gomer  (Fig.  6B,  lanes  7  and  1 1  vs.  no  competitor,  lanes 
6  and  10),  but  not  by  an  excess  of  unlabeled  -131/ 
-94  oligonucleotide  with  a  6-bp  mutation  from  -115 
to  -110  (mut3)  (Fig.  6B,  lane  8),  indicating  that  the 
protein-DNA  interaction  producing  the  band  was  spe¬ 
cific.  Since  a  portion  of  the  -131  to  -94  sequence 
shows  some  homology  to  an  NF-1  binding  site  (see 
Fig.  2B),  an  unlabeled  double-stranded  oligonucleo¬ 
tide  containing  an  NF-1  binding  site  was  also  tested 
for  its  ability  to  compete  for  binding  to  the  -131  to 
-94  oligomer.  However,  the  complex  was  not  com¬ 
peted  by  the  NF-1  oligomer  (not  shown). 

Interestingly,  although  the  -131  to  -94  sequence 
shares  no  homology  with  an  ERE,  the  band  was  com¬ 
peted  by  a  25-fold  excess  of  unlabeled  ERE  (Fig.  6B, 
lane  12)  and  more  fully  by  a  50-fold  excess  of  unla¬ 
beled  ERE  (lane  9),  but  was  not  competed  by  200-fold 
excess  mutated  ERE  (lane  5)  or  consensus  glucocor¬ 
ticoid  response  element  (GRE)  (lane  4).  The  band  was 
not  supershifted  in  the  presence  of  an  anti-ER  anti¬ 
body  (not  shown),  suggesting  that  ER  was  not  present 
in  the  complex.  These  results  suggest  that  a  protein  in 
the  complex  is  also  capable  of  interacting  with  ERE  or 
with  ER  when  it  is  bound  to  its  response  element  in  a 
manner  that  disrupts  the  binding  of  the  labeled  oligo. 
Because  ER  is  present  in  the  MCF-7  cell  nuclear  ex¬ 
tract,  this  protein  may  be  titrated  away  from  the  com¬ 
plex  upon  the  addition  of  excess  competing  ERE. 

The  effect  of  ligand  treatments  on  the  formation  of 
the  DNA-protein  complex  was  also  examined  (Fig.  6B). 
There  was  no  difference  in  complex  formation  using 
nontreated  (lanes  6  and  10)  vs.  ICI-treated  cell  extracts 
(Fig.  6,  lane  2).  Notably,  using  cell  extracts  treated  with 
E2,  there  was  a  marked  decrease  in  the  intensity  of  the 
shifted  complex  (lane  1).  Cell  extracts  treated  with  TOT 
(lane  3)  showed  a  gel  shift  pattern  similar  to,  but 
slightly  less  strong  than,  that  observed  with  ICI  treat¬ 
ment.  Therefore,  differential  binding  of  factors  to  the 
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-131  TTTTCTTCTCGAAGTCTGATGTTCCAGGTGGAATGCCA  -94 

fill 

-130  -120  -110  -100 


Fig.  6.  Analysis  of  Protein  Interactions  with  the  “131  to  -94 
Region  of  PRD 

A,  The  sequence  of  the  coding  strand  of  the  -131  to  -94 
region  of  PRD  and  of  the  double-  stranded  oligomer  used  in  the 
gel  mobility  shift  assay.  B,  Gel  mobility  shift  assays  were  per¬ 
formed  using  a  double-stranded  oligomer  containing  the  -131 
to  -94  sequence  of  PRD  and  extracts  from  MCF-7  cells  as 
described  in  Materials  and  Methods.  With  extracts  treated  with 
E2  (1 0— 8  m,  lane  1),  or  ICI  (1CT7  M,  lane  2),  or  TOT  (10-7  m,  lane 
3)  for  15  min  on  ice;  with  extract  +  200-fold  excess  unlabeled 
GRE  (lane  4);  with  extract  +  200-fold  excess  unlabeled  mutated 
ERE  (lane  5);  extract  alone  (lane  6);  with  extract  +  50-fold 
excess  unlabeled  -131  to  -94  double  stranded  oligo  (lane  7); 
with  extract  +  50-fold  excess  unlabeled  -131  to  -94  double- 
stranded  oligo  with  a  6-bp  mutation  from  -1 1 5  to  -1 1 0  (mut3, 
lane  8);  with  extract  +  50-fold  excess  unlabeled  ERE  (lane  9); 
extract  alone  (lane  1 0);  with  extract  +  25-fold  excess  unlabeled 
-131  to  -94  double-stranded  oligo  (lane  11);  with  extract  + 
25-fold  excess  unlabeled  ERE  (lane  12);  no  extract  (lane  1 3).  The 
positions  of  the  shifted  complex  and  the  free  probe  are  indi¬ 
cated.  The  autoradiograph  is  representative  of  three  separate 
experiments. 

Xmn\/Bsm\  fragment  may  occur  in  the  presence  of 
estrogens  vs.  AEs,  and  disappearance  of  the  DNA- 
protein  complex  is  correlated  with  the  presence  of 
transcriptionally  productive,  E2-liganded  ER. 


DISCUSSION 

Differential  Sensitivity  of  Estrogen-Stimulated 
Promoters  to  the  Inhibitory  Actions  of  AEs 

The  experiments  described  herein  have  demonstrated 
the  differential  sensitivity  of  a  number  of  estrogen- 


regulated  promoters,  namely  PRD,  PRP  and  the  pS2 
promoter,  to  the  actions  of  estrogens  and  AEs.  In 
general,  there  was  no  correlation  between  the  sensi¬ 
tivity  of  a  given  promoter  to  stimulation  by  estrogens 
when  compared  with  its  sensitivity  to  inhibition  by  AEs. 
For  example,  although  the  PRD  and  the  pS2  promoters 
required  relatively  comparable  levels  of  E2  for  half- 
maximal  stimulation,  they  showed  markedly  different 
dose-response  profiles  to  the  inhibitory  actions  of  AEs. 
These  findings  suggest  that  the  magnitude  of  estrogen 
responsiveness  of  a  particular  promoter  is  intrinsic  to 
the  nature  of  the  promoter  and  that  promoter  respon¬ 
siveness  to  the  actions  of  estrogen-  and  AE-occupied 
ERs  are  separable.  Furthermore,  they  implicate  the 
involvement  of  inhibitory  c/s  elements  and  promoter- 
specific  factors  acting  to  modulate  the  response  of 
each  promoter  to  different  ER-ligand  complexes. 
These  findings  are  consistent  with  earlier  reports  in 
which  it  has  been  noted  that  reporter  constructs  con¬ 
taining  EREs  upstream  of  different  promoters  are  dif¬ 
ferentially  activated  by  estrogen  in  transient  transfec¬ 
tion  assays,  even  when  other  experimental  variables 
remain  constant  (10, 14),  and  with  increasing  evidence 
for  promoter-specific  actions  of  estrogens  and  AEs 
(5,  7-9,  14,  15). 

Identification  of  an  Inhibitory  cis  Element  that 
Modulates  the  Sensitivity  of  Promoters  to 
Estrogen-  and  AE-Occupied  ER 

Our  search  for  ligand  response  modulatory  elements 
began  with  our  observation  that  the  PRD  promoter 
showed  reduced  sensitivity  to  suppression  by  the 
AE-ER  complex  relative  to  the  two  other  promoters, 
PRP  and  pS2,  examined.  Deletion  and  mutational  anal¬ 
yses  led  to  the  identification  of  a  region  in  PRD  that,  in 
fact,  made  the  PRD  and  a  different  estrogen-respon¬ 
sive  (pS2)  promoter  more  sensitive  to  inhibition  by  AE. 
Although  these  studies  have  allowed  us  to  identify  this 
novel  element,  which  directs  the  AE  sensitivity  that 
PRd  does  have,  it  is  evident  that  the  reduced  AE 
sensitivity  of  PRD  overall  must  derive  from  activities 
from  other  portions  of  the  promoter,  which  may  nor¬ 
mally  act  in  concert  with  this  element.  Further  analysis 
of  PRd  would  be  of  interest  but  may  be  complicated  by 
our  observation  that  more  extensive  deletions  in  the 
5'-flanking  region  reduced  activity  altogether. 

The  identified  element  in  PRd  had  the  following 
properties:  1)  it  reduced  the  magnitude  and  sensitivity 
of  estrogen-stimulated  activity,  2)  it  enhanced  the  abil¬ 
ity  of  AEs  to  repress  estrogen-stimulated  activity,  and 
3)  it  elicited  similiar  effects  when  transferred  to  the 
promoter  of  another  estrogen-responsive  gene.  This 
LRME  appears  to  have  no  clear  homology  to  previ¬ 
ously  identified  cis  elements.  Gel  mobility  shift  assays 
showed  that  a  cellular  factor  or  factors  were  capable 
of  binding  to  the  element.  Although  we  know  very  little 
about  the  nature  of  these  factors,  changes  in  the  level 
or  activity  of  these  trans- acting  factors  would  be  pre¬ 
dicted  to  play  important  roles  in  the  gene-selective 
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actions  of  hormone-  and  antihormone-receptor 
complexes. 

Relevant  to  our  findings  are  reports  from  the  Si¬ 
mons’  laboratory  (1 6, 1 7)  of  a  c/s- acting  glucocorticoid 
modulatory  element  that,  like  the  element  we  identify 
here  in  the  PR  gene,  alters  the  sensitivity  of  the  ty¬ 
rosine  aminotransferase  (TAT)  gene  to  glucocorticoid 
and  to  mixed  agonist/antagonist  antiglucocorticoids. 
The  element  differs,  however,  from  the  one  we  have 
identified  in  that  it  is  located  much  further  away  from 
the  promoter  (3646  bp  upstream  of  the  start  of  TAT 
gene  transcription).  In  addition,  our  LRME  reduces  the 
magnitude  of  E2  stimulation  or  TOT  agonism  and  in¬ 
creases  the  EC50  for  E2  stimulation  or  TOT  agonism, 
while  the  glucocorticoid-modulatory  element  en¬ 
hances  the  sensitivity  of  the  TAT  gene  to  glucocorti¬ 
coid  (lower  EC50,  i.e.  left-shifted  dose-response  curve) 
and  confers  greater  agonistic  activity  with  partial  ag¬ 
onist/antagonist  antiglucocorticoids.  However,  the 
magnitudes  of  the  shift  in  the  dose-response  curves 
(~  10-fold)  and  the  maximum  activity  levels  (~2-  to 
3-fold)  effected  by  the  glucocorticoid-modulatory  ele¬ 
ment  and  our  LRME  are  very  similar. 

Of  note,  PRd  is  a  TATA-less  promoter.  However,  the 
reduced  AE  sensitivity  and  the  activity  of  the  -131/ 
-94  element  is  not  exclusive  to  TATA-less  promoters. 
For  example  PRP,  which  is  also  TATA-less,  shows 
strong  sensitivity  to  AEs.  Furthermore,  the  — 1 31/— 94 
element  can  be  transferred  to  the  pS2  promoter,  which 
is  TATA-containing,  and  elicits  the  same  activity. 

Implications  for  Gene-Specific  Regulation  by 
Estrogens  and  AEs 

Our  results  suggest  that  the  sensitivity  of  a  given  pro¬ 
moter  to  the  stimulatory  actions  of  estrogens  is  not 
necessarily  correlated  with  its  sensitivity  to  the  inhib¬ 
itory  actions  of  AEs.  Furthermore,  we  have  demon¬ 
strated  that  the  presence  of  a  modulatory  cis  element 
in  the  promoter  region  of  a  gene  can  dramatically 
influence  the  response  of  that  promoter  to  agonist- 
and  antagonist-occupied  receptor.  Ligand  response- 
modulatory  elements,  such  as  we  have  identified  in  the 
PRd  promoter,  may  participate  in  regulating  the  activ¬ 
ity  of  different  estrogen-responsive  genes  by  altering 
the  pharmacology  of  estrogen  and  AE  ligands  that 
regulate  these  genes.  They  may  thus  be  important  in 
selectively  modulating  the  properties  of  gene  induc¬ 
tion  by  estrogen  agonists  and  antagonists  and  may 
underlie  the  known  differences  in  dose-response 
curves  for  estrogen  induction  of  different  genes  (5). 

A  BLAST  search  for  this  38-bp  cis  element  se¬ 
quence  in  other  genes  revealed  a  related  sequence 
(26-bp  sequence,  84%  identity)  in  the  vinculin  gene. 
Interestingly,  vinculin,  which  encodes  an  actin-binding 
cytoskeletal  protein,  is  also  known  to  be  under  estrogen 
regulation  (18).  Thus,  this  sequence  may  potentially  in¬ 
fluence  estrogen  and  AE  sensitivity  of  several  genes. 

Our  findings  add  to  the  growing  list  of  modulators  of 
ER  activity.  Modulators  at  almost  every  step  in  the 


process  of  transcriptional  activation  by  ER  have  been 
identified:  the  type  of  ligand,  receptor  phosphorylation 
(19-21),  the  sequence  of  the  estrogen  response  ele¬ 
ment  (Refs.  22  and  23  for  reviews),  coactivator  pro¬ 
teins  (such  as  TIF-1 ,  SRC-1,  SPT-6,  and  others)  (24- 
29),  some  other  nuclear  hormone  receptors  (30-33), 
and  chromatin  structure  (34,  35).  The  identification  of 
so  many  potential  modulators  of  ER  activity  suggests 
that  transcriptional  activation  by  ER  is  not  a  simple 
process  and  that  there  are  many  checkpoints  in  the 
process  suitable  for  regulation. 

The  modulatory  cis  element  that  we  have  identified, 
which  is  capable  of  increasing  the  sensitivity  of  a  pro¬ 
moter  to  the  inhibitory  actions  of  AEs,  is  especially  inter¬ 
esting  in  light  of  the  therapeutic  uses  of  AEs  in  the  treat¬ 
ment  of  breast  cancer.  A  detailed  understanding  of  the 
mechanisms  by  which  this  element  and  the  factors  that 
bind  to  it  alter  responsiveness  to  AEs  may  assist  ulti¬ 
mately  in  the  development  of  more  effective  therapeutic 
agents.  In  addition,  since  the  ER  is  a  member  of  a  large 
superfamily  of  structurally  and  functionally  related  li¬ 
gand-activated  transcription  factors,  it  is  likely  that  sim¬ 
ilar  cis  elements,  as  identified  previously  in  the  glucocor¬ 
ticoid-regulated  TAT  gene  (16,  17),  will  be  found  to 
modulate  the  sensitivity  of  genes  regulated  by  other  ste¬ 
roid  receptors,  and  thyroid  and  retinoic  acid  receptors,  to 
their  agonist  and  antagonist  ligands. 


MATERIALS  AND  METHODS 
Reagents  and  Radioisotopes 

Cell  culture  media  and  antibiotics  were  purchased  from 
GIBCO  (Grand  Island,  NY).  Calf  serum  was  from  Hyclone 
Laboratories  (Logan,  UT)  and  FCS  from  Sigma  Chemical 
Company  (St.  Louis,  MO).  35S-  and  32P-radiolabeled  nucle¬ 
otides  and  [dichloroacetyl-1,2-14C]-chloramphenicol  (50-60 
Ci/mmol)  were  from  Dupont/NEN  Research  Products  (Bos¬ 
ton,  MA).  Custom  oligonucleotides  were  purchased  from  Na¬ 
tional  Biosciences  Inc.  (Plymouth,  MN).  DNA  restriction  and 
modifying  enzymes  were  from  New  England  Biolabs  (Beverly, 
MA),  GIBCO/Bethesda  Research  Laboratory  (Gaithersburg, 
MD),  and  U.S.  Biochemicals  (Cleveland,  OH).  DNA  sequenc¬ 
ing  reagents  were  from  U.S  Biochemicals.  E2  was  from 
Sigma.  The  AEs  IC1 1 64,384  and  TOT  were  kindly  provided  by 
Alan  Wakeling  (Zeneca  Pharmaceuticals,  Macclesfield,  U.K.). 
The  AE  LY  117,018  was  kindly  provided  by  Eli  Lilly  &  Co. 
(Indianapolis,  IN).  All  general  reagents  were  of  molecular  bi¬ 
ology  grade  and  were  purchased  from  Sigma  Chemical  Co., 
U.S.  Biochemicals,  or  Fisher  Scientific  (Houston,  TX). 

Plasmid  Construction  and  Mutagenesis 

All  cloning  was  done  using  standard  techniques  (36,  37). 
When  necessary  to  make  termini  compatible,  3'-  and  5'- 
overhangs  generated  by  restriction  digestion  were  blunted 
with  T4  DNA  polymerase  and  the  Klenow  fragment  of  Esch¬ 
erichia  coli  DNA  polymerase,  respectively.  The  insertion  of 
double-stranded  oligonucleotides  and  the  deletion  of  DNA 
fragments  were  confirmed  by  dideoxy  chain  termination  DNA 
sequencing.  Other  manipulations  were  confirmed  by  restric¬ 
tion  digest  analyses. 

The  construction  of  pTZ-TK-CAT,  PRD-CAT,  PRP-CAT, 
and  (ERE)2-PRP-CAT  (10),  and  5E-PRD-CAT  (11),  as  well  as 
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that  of  pS2-CAT  (38),  has  been  described  previously. 
PRd,b/N-CAT  was  constructed  by  releasing  and  blunting  the 
Bsm\/Nhe\  fragment  from  the  rat  PR  genomic  clone  EE(3.1)3Z 
(10)  and  cloning  it  into  Sa/l/Bg/ll-digested  pTZ-TK-CAT. 
(ERE)2-PRq  b/n-CAT  and  (ERE/H/ndlll)2-PRD-CAT  were  made 
by  annealing  the  single-stranded  oligomers  5'-AATTAGT- 
C AGGT C ACAGT G ACCT GAT C-3 '  and  5 '  - AATT GAT CAG GT- 
C ACT GT G ACCT G ACT -3 '  and  cloning  two  copies  of  the 
resultant  double-stranded  oligomer  into  the  H/ndlll  sites  of 
PRd(b/n-CAT  and  PRD-CAT,  respectively.  (ERE)2-pS2-CAT 
was  made  by  annealing  the  single-stranded  oligomers 
5'  -  G  ATCC  AAAGT  CAG  GT  CACAGT  G  ACCT  GAT  CAAAG  A  -  3 ' 
and  5 '  -G  AT  CT  CTTT  GAT  C  AGGT  CACT  GT  G  ACCT  GACTT- 
TG-3'  and  cloning  two  copies  of  the  resultant  double- 
stranded  oligomer  into  the  BamH\  site  of  pS2-CAT.  (ERE/ 
H/ndlll)2-pS2-CAT  was  made  by  replacing  the  BamH\/Nco\ 
fragment  from  (ERE/H/ndlll)2-PRD~CAT  with  the  BamH\/Nco\ 
fragment  from  pS2-CAT. 

(X/B)N-(ERE)2-PRD-CAT  and  (X/B)N-(ERE)2-PRD>  B/N-CAT 
were  made  by  annealing  the  single-stranded  oligomer  5'- 
TTTTCTTCTCGAAGTCTGATGTTCCAGGTGGAATGCC-3' 
with  its  complement  and  cloning  one  or  two  copies  of  the 
resultant  double-stranded  oligomer  into  Eag I -digested  and 
blunted  (ERE/H/nd1ll)2-PRD-CAT  and  (ERE/H/ndlll)2-PRDi  B/N- 
CAT,  respectively.  (X/B)2-(ERE)2-pS2-CAT  was  made  by  re¬ 
placing  the  BamH\/Nco\  fragment  from  (ERE)2-PRD-CAT  with 
the  BamH\/Nco\  fragment  from  pS2-CAT. 

Six  reporter  constructs,  each  containing  6-bp  mutations 
introduced  sequentially  from  the  “131  to  -84  region  of  the 
rat  PR  gene  distal  promoter,  were  constructed  by  site-di¬ 
rected  mutagenesis  (39)  with  modifications  (40).  The  EcoRI 
fragment  of  (ERE/H/ndlll)2-PRD-CAT  was  first  inserted  into 
the  EcoRI  site  of  Bluescript  II  SK+  (Stratagene,  La  Jolla,  CA) 
to  make  (ERE/H/ndlll)2-PRD-BSK+.  Mutagenic  oligonucleo¬ 
tides  were  then  annealed  to  single-stranded  DNA  generated 
using  the  fl  origin  of  replication  in  Bluescript  II  SK+.  The 
mutagenic  oligonucleotides  used  in  six  separate  mutagene¬ 
sis  reactions  were: 

5 '  -AT  C  AG  ACTTCGATT  CT  GC  AGT  CG  ACT  CT AG  AG-3 ' 

5 '  -CCT  G  G  AAC  AT  CACCAT  GG  ACG  AAG  AAAAT  CGA-3 ' 

5 '  -GCATT  CCACCT  G  AAGAT  AT  CGACTT  CGAG  AAG-3 ' 

5 '  -TGG  AGTTGG  CAT  G  GAT  CCAAG  AACAT  CAG  ACT -3 ' 

5 '  -T  CCAAAACTGG  ACAAG  AT  CTT  CCACCT  GG  AAC-3 ' 
5'-TGGCGAGATCCATTCATATGGTTGGCATTCCA-3' 

To  make  each  of  the  six  (ERE/H/ndlll)2-PRD  mut-CAT  reporter 
constructs,  the  EcoRI/EcoRI  fragment  of  (ERE//-//ndlll)2-PRD- 
CAT  was  then  replaced  with  the  mutated  EcoRI/EcoRI  frag¬ 
ment  of  (ERE/H/ndlll)2-PRD  mut-BSK+.  To  simplify  the  reporter 
construct  nomenclature  used,  we  will  refer  to  (ERE/H/ndlll)2- 
PRd-CAT,  (ERE/H/ndlll)2-PRD  B/N-CAT,  (ERE/H/ndlll)2-PRD  mut 
CAT,  and  (ERE/H/ndlll)2-pS2-CAT  as  (ERE)2-PRD-CAT,  (ERE)2- 
PRd,  b/n-CAT,  (ERE)2-PRd>  mut  CAT,  and  (ERE)2-pS2-CAT, 
respectively. 

The  plasmid  pCMV/3,  which  constitutively  expresses  /3-ga- 
lactosidase,  was  obtained  from  Clonetech  (Palo  Alto,  CA)  and 
was  used  as  an  internal  control  for  transfection  efficiency  in  all 
experiments.  The  plasmid  pTZI  9,  used  as  a  carrier  DNA,  was 
provided  by  Dr.  Byron  Kemper  of  the  University  of  Illinois. 

DNA  Preparation 

Plasmid  DNA  for  transfections  was  prepared  on  CsCI  gradi¬ 
ents  as  previously  described  (8,  37)  or  with  a  plasmid  prep¬ 
aration  kit  (Qiagen,  Chatsworth,  CA). 

Cell  Culture  and  Transfections 

MCF-7  cells  (K1  subline,  see  Ref.  41)  were  maintained  in 
MEM  plus  phenol  red  supplemented  with  5%  calf  serum.  For 
transfection  experiments,  the  cells  were  switched  to  MEM 
plus  phenol  red  supplemented  with  5%  charcoal-dextran- 
treated  calf  serum  for  2  days,  and  then  to  MEM  without 


phenol  red  plus  5%  charcoal-dextran-treated  calf  serum  for  6 
days  before  plating  for  transfection.  All  media  included  pen¬ 
icillin  (100  U/ml)  and  streptomycin  (100  /ig/ml).  For  transfec¬ 
tions,  the  cells  were  plated  at  a  density  of  3.5  x  106  per 
100-mm  diameter  dish  and  were  given  fresh  medium  about 
30  h  after  plating.  The  cells  were  transfected  by  the  calcium 
phosphate  coprecipitation  method  (42)  1 6  h  later  with  1 5  fig 
of  CAT  reporter  plasmid  plus  400  ng  of  pCMV)3.  The  cells 
remained  in  contact  with  the  precipitates  for  6  h  and  were 
then  subjected  to  a  3-min  shock  (25%  glycerol  in  culture 
medium),  which  was  followed  by  a  rinse  with  FIBSS.  Treat¬ 
ments  were  added  in  fresh  medium  after  the  rinse. 


0-Galactosidase  and  CAT  Assays 

All  cells  were  harvested  24  h  after  hormone  treatment.  Ex¬ 
tracts  were  prepared  in  200  fA  of  250  mw  Tris-HCI  (pH  7.5) 
using  three  freeze-thaw  cycles.  0-GaIactosidase  activity, 
which  was  measured  to  normalize  for  transfection  efficiency, 
and  CAT  activity  were  assayed  as  previously  described  (43). 

Gel  Shift  Assays 

Whole  cell  extracts  from  MCF-7  cells  for  use  in  the  gel  shift 
assays  were  prepared  by  freeze-thaw  lysis  as  described 
previously  for  transfected  COS-1  cells  (44).  The  single- 
stranded  oligomer  5'- 1  I  I  I CTTCTCGAAGTCTGATGTTC- 
CAGGTGGAATGCC-3 ' ,  which  represents  the  -131  to  -94 
region  of  the  rat  PR  gene,  was  annealed  with  its  comple¬ 
ment.  The  resultant  double-stranded  oligomer  was  gel  pu¬ 
rified  on  a  nondenaturing  10%  polyacrylamide  gel  run  in 
0.5X  Tris-borate-EDTA.  The  ability  of  extract  protein(s)  to 
bind  to  the  -131  to  -94  fragment  was  analyzed  using 
standard  gel  mobility  shift  assays.  Briefly,  2  ix\  (~5  ju,g)  of 
MCF-7  whole  cell  extract  was  incubated  with  1  ng  of  end- 
labeled  —  1 31/— 94  oligomer,  under  conditions  described 
previously  (11).  The  specificity  of  binding  was  assessed  by 
competition  with  excess  unlabeled  double-stranded  -131/ 
-94  oligomer  or  with  excess  unlabeled  double-stranded 
—  1 31/— 94  oligonucleotide  with  a  6-bp  mutation 
from  -115  to  -110  (mut3;  single-stranded  oligomer  5'- 
TTTTCTTCTCGAAGTCgatatcttCAGGTGGAATGCC- 
3'annealed  to  its  complement)  as  well  as  with  excess 
unlabeled  double-stranded  oligomers  containing  the  con¬ 
sensus  ERE,  mutated  ERE,  or  consensus  GRE  sequence. 
The  nondenaturing  gels  used  to  analyze  the  protein-DNA 
complexes  were  run  as  described  previously  (11,  44). 
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Summary 

Antiestrogens  have  proven  to  be  highly  effective  in  the  treatment  of  hormone-responsive  breast  cancer. 
However,  resistance  to  antiestrogen  therapy  often  develops.  In  addition,  although  tamoxifen-like  anti¬ 
estrogens  are  largely  inhibitory  and  function  as  estrogen  antagonists  in  breast  cancer  cells,  they  also  have 
some  estrogen-like  activity  in  other  cells  of  the  body.  Thus,  recent  efforts  are  being  directed  toward  the 
development  of  even  more  tissue-selective  antiestrogens,  i.e.  compounds  that  are  antiestrogenic  on  breast 
and  uterus  while  maintaining  the  beneficial  estrogen-like  actions  on  bone  and  the  cardiovascular  system. 
Efforts  are  also  being  directed  toward  understanding  ligand  structure-estrogen  receptor  (ER)  activity 
relationships  and  characterizing  the  molecular  changes  that  underlie  alterations  in  parallel  signal  trans¬ 
duction  pathways  that  impact  on  the  ER.  Recent  findings  show  that  antiestrogens,  which  are  known  to 
exert  most  of  their  effects  through  the  ER  of  breast  cancer  cells,  contact  a  different  set  of  amino  acids  in 
the  hormone  binding  domain  of  the  ER  than  those  contacted  by  estrogen,  and  evoke  a  different  receptor 
conformation  that  results  in  reduced  or  no  transcriptional  activity  on  most  genes. 

Resistance  to  antiestrogen  therapy  may  develop  due  to  changes  at  the  level  of  the  ER  itself,  and  at  pre- 
and  post-receptor  points  in  the  estrogen  receptor-response  pathway.  Resistance  could  arise  in  at  least  four 
ways:  (1)  ER  loss  or  mutation;  (2)  Post-receptor  alterations  including  changes  in  cAMP  and  phosphoryl¬ 
ation  pathways,  or  changes  in  coregulator  and  transcription  factor  interactions  that  affect  the  transcriptional 
activity  of  the  ER;  (3)  Changes  in  growth  factor  production/sensitivity  or  paracrine  cell-cell  interactions; 
or  (4)  Pharmacological  changes  in  the  antiestrogen  itself,  including  altered  uptake  and  retention  or 
metabolism  of  the  antiestrogen.  Model  cell  systems  have  been  developed  to  study  changes  that  accompany 
and  define  the  antiestrogen  resistant  versus  sensitive  breast  cancer  phenotype.  This  information  should 
lead  to  the  development  of  antiestrogens  with  optimized  tissue  selectivity  and  agents  to  which  resistance 
may  develop  more  slowly.  In  addition,  antiestrogens  which  work  through  somewhat  different  mechanisms 
of  interaction  with  the  ER  should  prove  useful  in  treatment  of  some  breast  cancers  that  become  resistant 
to  a  different  category  of  antiestrogens. 
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Introduction 

Tamoxifen,  an  antiestrogen  in  use  for  over  20 
years,  is  the  most  commonly  utilized  agent  in  the 
treatment  of  hormone-responsive  breast  cancer. 
It  is  usually  considered  the  treatment  of  choice 
because  of  its  effectiveness  and  ease  of  use  [1-4]. 
Recent  clinical  trials  have  confirmed  the  benefit 
of  antiestrogens  in  preventing  breast  cancer  recur¬ 
rence  and  improving  disease-free  survival  [5,6]. 
Tamoxifen  may  also  be  of  benefit  in  preventing 
the  development  of  breast  cancer  in  women  at 
high  risk  for  the  disease,  a  hypothesis  being  tested 
currently  in  major  trials  in  the  United  Kingdom 
and  the  United  States,  although  some  concerns 
about  its  safety  in  long-term  use  have  been  raised 
[3], 

Despite  the  clear  effectiveness  of  antiestro¬ 
gens,  such  that  approximately  40%  of  breast 
cancer  patients  benefit  substantially  from  such 
treatment,  many  of  these  women  eventually  suffer 
relapse  because  some  of  the  breast  cancer  cells 
become  resistant  to  tamoxifen.  In  addition,  al¬ 
though  tamoxifen -like  antiestrogens  are  largely 
inhibitory  and  function  as  estrogen  antagonists  in 
breast  cancer  cells,  they  also  have  some  estrogen¬ 
like  activity  in  other  cells  of  the  body.  Since 
women  taking  antiestrogen  for  breast  cancer  may 
be  on  prolonged  therapy,  the  estrogen-like  activi¬ 
ties  of  tamoxifen  become  significant.  Its  stimula¬ 
tory  effects  on  uterus  and  liver  may  underlie  the 
increased  incidence  of  endometrial  hyperplasia 
that  may  lead  to  cancer,  as  well  as  alterations  in 
liver  function  [7-9],  On  the  other  hand,  the  estro¬ 
gen-like  activities  of  tamoxifen  are  beneficial  in 
bone  cells  and  in  the  cardiovascular  system, 
where  this  agent  enhances  bone  maintenance, 
preserves  a  favorable  blood  lipid  profile,  and 
reduces  risk  of  coronary  problems  [5,6,8-12], 
Recently  developed  pure  antiestrogens,  such  as 
ICI  164,384,  ICI  182,780,  and  RU54,876,  may 
perhaps  prove  to  be  more  effective  than  tamoxifen 
in  treating  hormone-responsive  breast  cancer,  but 
are  not  effective  in  preventing  bone  loss  and  may 
have  detrimental  effects  on  the  cardiovascular 
system  [13-17],  By  altering  the  chemical  struc¬ 


ture  of  antiestrogens,  it  should  be  possible  to 
potentiate  their  estrogen-like  actions  on  bone  and 
the  cardiovascular  system,  but  not  their  stimula¬ 
tory  activities  in  breast  and  uterus,  while  main¬ 
taining  an  appropriate  balance  of  activities  in  the 
liver.  Optimism  in  this  regard  is  buoyed  by  the 
fact  that  there  has  already  been  the  development 
of  antiestrogens,  termed  selective  estrogen  recep¬ 
tor  modulators  (SERMs),  that  appear  to  show  im¬ 
proved  tissue  selectivity  in  their  actions  [18,19]. 

Therefore,  research  with  antiestrogens  is  aimed 
toward  the  development  of  agents  that  will 
circumvent  or  delay  the  onset  of  resistance,  and 
ones  that  may  show  even  greater  tissue  selectivity 
in  their  actions. 


Since  antiestrogens  are  believed  to  exert  their 
beneficial  effects  in  breast  cancer  cells  by  work¬ 
ing  largely  through  the  estrogen  receptor  (ER)  in 
these  cells,  we  have  focused  much  of  our  atten¬ 
tion  on  understanding  the  interactions  of  anti¬ 
estrogens  and  estrogens  with  this  receptor  protein. 
We  will  first  summarize  some  of  the  current 
thinking  about  estrogen  receptor  action  and  the 
mechanisms  by  which  antiestrogens  suppress  the 
activity  and  transcriptional  effectiveness  of  the 
ER. 

Antiestrogens  are  hormonal  agents  that  act 
through  the  ER  to  regulate  gene  transcription 
[1,2,9].  Their  pharmacology,  however,  is  com¬ 
plex,  and  subtle  differences  in  their  structure,  as 
well  as  alterations  in  the  cellular  milieu  in  which 
they  are  acting,  can  have  marked  effects  on  the 
level  of  their  agonist  or  antagonist  activities  in 
different  target  tissues  and  on  specific  responses 
within  these  tissues  [9,20-23],  These  differences 
prove  to  be  crucial  in  their  uses  for  the  prevention 
and  treatment  of  breast  cancer,  as  is  known  from 
experience  with  the  few  antiestrogens  that  have 
been  extensively  studied  in  women. 

The  presence  of  the  estrogen  receptor  has 
proven  to  be  important  in  predicting  improved 


Mechanisms  of  action  of  antiestrogens 
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Figure  1.  A  model  for  estrogen  receptor  (ER)  actions.  The  abbreviations  used  are  E,  estrogen;  R,  receptor;  ERE,  estrogen 
response  element;  GF,  growth  factor;  TBP,  TATA  binding  protein;  TAFs,  TBP-associated  factors;  pol  II,  RNA  polymerase  II. 
See  text  for  details. 


disease-free  survival  and  in  predicting  response  to 
tamoxifen  therapy.  In  the  absence  of  the  estrogen 
receptor  and  progesterone  receptor,  response  to 
tamoxifen  is  observed  in  only  approximately  5% 
of  breast  cancer  patients,  while  the  presence  of 
substantial  levels  of  both  the  estrogen  receptor 
and  progesterone  receptor  predict  that  response  to 
tamoxifen  will  occur  in  up  to  ca.  75%  of  such 
patients. 

Studies  on  the  estrogen  receptor  and  its 
mechanisms  and  actions,  begun  about  25  years 
ago,  indicated  that  the  receptor  interacted  with 
chromatin  after  hormone  binding,  resulting  in 
increases  in  specific  mRNAs  and  hormone- 
induced  proteins.  In  the  1990’s  model  for  estro¬ 
gen  action,  shown  in  Figure  1,  it  is  clear  that  our 


understanding  of  estrogen  action  has  expanded 
considerably  beyond  that  of  the  1970’s.  The  sub- 
cellular  distribution  of  the  receptor  is  thought 
to  be  largely  nuclear  even  in  the  absence  of 
hormone.  Very  significantly,  there  are  —  besides 
the  hormone  and  the  estrogen  receptor  —  other 
factors  termed  coregulators,  as  well  as  gene-  and 
promoter-specific  factors,  that  are  crucial  in 
regulating  the  activity  of  the  receptor  in  target 
cells  [9,24].  Other  cell  signaling  pathways  also 
impact  on  the  bioactivity  of  the  ER,  and  some  of 
these  aspects  are  discussed  later  in  this  article. 
These  include  modulation  of  ER  activity  by 
growth  factors  (including  EGF,  IGF-1,  HER2/ 
neu),  neurotransmitters  such  as  dopamine,  and 
second  messengers  such  as  cAMP  and  others  that 
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Figure  2.  Schematic  of  the  human  estrogen  receptor.  The  structural  domains  of  ER  (A/B,  C,  D,  E,  and  F),  as  well  as  the 
hormone  binding,  dimerization,  DNA  binding,  and  transactivation  (AF-1,  AF-2)  functional  domains  are  shown.’  AF,  activation 
function. 


affect  protein  kinase  cascades  including  the  MAP 
kinase  signaling  pathway  [2,8,25-29,  and  refs, 
therein]. 

We  also  now  know  a  great  deal  more  about 
this  receptor  protein,  and  how  it  interacts  with 
estrogen  and  antiestrogen  ligands  and  with  other 
protein  factors  that  regulate  its  transcriptional 
activity.  The  estrogen  receptor  (ER)  is  a  66 
kilodalton,  ligand-dependent  transcription  factor 
which  regulates  the  transcription  of  estrogen- 
responsive  genes  (for  reviews  see  [1,2,24,30]). 
Like  other  steroid  hormone  receptors,  the  ER  is  a 
modular  protein  (Figure  2)  which  can  be  divided 
into  separable  domains  with  specific  functions, 
such  as  ligand  binding,  dimerization,  DNA  bind¬ 
ing,  and  transactivation.  In  addition  to  a  centrally 
located  C  domain,  corresponding  to  the  DNA 
binding  domain,  the  ER  contains  two  distinct  acti¬ 
vation  functions  [20,22,23,30],  The  activation 
function  located  in  the  N-terminal  A/B  domain 
is  termed  activation  function- 1  (AF-1),  and  a 
second,  hormone-dependent  activation  function 
(AF-2)  is  located  in  the  E  domain  along  with  the 
hormone  binding  function  of  ER.  AF-1  and  AF-2 
function  in  a  synergistic  manner  and  are  required 
for  full  ER  activity  in  most  cell  contexts  [20,22, 
23,30],  Like  other  activation  domains,  the  acti¬ 


vation  functions  of  ER  are  thought  to  be  impor¬ 
tant  targets  for  basal  transcription  factors  or 
specific  cellular  proteins  which  function  as  co¬ 
activators.  Of  note,  the  activity  of  each  of  the 
two  activation  functions  of  the  ER  varies  in  dif¬ 
ferent  cellular  contexts.  Region  F  of  the  receptor, 
the  most  carboxyl-terminal  domain,  is  not  essen¬ 
tial  for  hormone  binding  or  transactivation,  but 
we  have  shown  that  region  F  affects  the  agonist 
and  antagonist  activity  of  antiestrogens  [31]. 

Binding  of  estrogen  to  the  estrogen  receptor 
stimulates  the  increased  expression  of  some 
genes,  including  those  for  some  growth  factors 
and  growth  factor  receptors  resulting  in  the 
stimulation  of  DNA  synthesis  and  cell  prolifer¬ 
ation,  as  well  as  the  increased  production  of 
proteins  such  as  plasminogen  activator  and 
collagenases  that  are  believed  to  enhance  the 
metastatic  capability  of  breast  cancer  cells 
[32,33],  When  antiestrogen  binds  to  the  estrogen 
receptor,  the  receptor  is  not  available  to  bind 
estrogen,  and  the  antiestrogen-estrogen  receptor 
complex  fails  to  effectively  stimulate  gene 
expression  and  DNA  synthesis;  instead,  the  re¬ 
ceptor-antiestrogen  complex  enhances  production 
of  some  growth  inhibitory  factors,  including  the 
TGF-Ps,  thereby  preventing  breast  cancer  growth 
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Figure  3.  The  flow  of  information  from  ligand-receptor-effector  to  response  initiated  by  the  binding  of  hormone  (estrogen)  or 
antihormone  (antiestrogen)  with  the  estrogen  receptor.  The  response  to  a  hormone  is  mediated  by  a  tripartite  interaction 
involving  the  ligand,  the  receptor,  and  effector  sites  through  which  the  ligand-receptor  complex  regulates  the  response.  The 
modulation  of  receptor  activity  by  its  state  of  phosphorylation  is  also  indicated.  See  text  for  details. 


and  metastasis  [34,35].  Recent  findings  indicate 
that  antiestrogens  also  have  anti  growth-factor 
effects  [28,36,37];  by  changing  the  conformation 
of  the  estrogen  receptor  (and  in  the  case  of 
ICI164,384,  also  the  concentration  of  estrogen 
receptor  in  cells  [38,39]),  antiestrogens  can  result 
in  the  inhibition  of  some  growth  factor-regulated 
genes.  Antiestrogens  effectively  suppress  angio¬ 
genesis  and  induce  apoptosis,  both  beneficial  in 
blocking  tumor  growth  and  development,  and  in 
evoking  cell  cycle  arrest  and  killing  of  breast 
cancer  cells  [40,41].  Antiestrogens  also  increase 
the  expression  of  wild  type  BRCA1,  a  tumor  sup¬ 
pressive  protein  [42]. 

Studies  have  shown  that  the  response  of  genes 
to  estrogen  and  antiestrogen  depends  on  several 
important  factors:  namely,  the  nature  of  the  estro¬ 
gen  receptor  (whether  it  is  wild  type  or  variant); 
the  nature  of  the  gene  promoter;  the  cell  context; 
and  the  ligand.  The  role  of  the  recently  charac¬ 
terized  estrogen  receptor  subtype  ER[3  [43,44]  in 
mammary  gland  and  breast  cancer  is  currently  un 
known  and  needs  to  be  investigated.  In  addition, 
gene  responses  elicited  by  the  ER  may  be  modu¬ 
lated  by  cAMP,  growth  factors,  and  agents  that 


affect  protein  kinases  and  cell  phosphorylation. 
These  may  account  for  differences  observed  in  the 
relative  agonism/antagonism  of  compounds  like 
tamoxifen  with  different  genes  and  in  different 
target  cells.  Thus,  tamoxifen  is  a  very  effective 
antagonist  of  estrogen  action  in  breast  cancer, 
while  having  significant  estrogen-like  agonistic 
activity  in  uterus  and  bone.  As  shown  in  Figure 
3,  the  biological  response  to  an  antiestrogen 
depends  on  differences  in  the  interaction  of  anti¬ 
hormone  versus  hormone  with  the  receptor,  and 
differences  in  the  coupling  of  these  ligand- 
receptor  complexes  with  the  various  effectors 
(cell-specific  and  gene-specific  factors  and 
coregulators)  that  determine  the  biological  res¬ 
ponse,  such  as  inhibition  of  cell  proliferation  by 
antiestrogens.  As  is  discussed  later,  the  state  of 
phosphorylation  of  the  estrogen  receptor  plays  an 
important  role  in  modulating  receptor  activity. 

There  are  several  modes  of  estrogen  receptor 
activation  of  genes  (Figure  4).  Three  of  the 
different  modes  of  gene  activation  by  the  liganded 
ER  complex  are  shown.  In  system  1,  there  is  in¬ 
teraction  of  receptor  with  the  estrogen  response 
element  and  direct  interaction  with  general  trans- 
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Figure  4.  Different  modes  of  nuclear  receptor  activation  of  genes.  The  top  of  this  scheme  illustrates  three  different  modes 
for  nuclear  receptor  activation  of  genes;  for  each  mode,  an  optimal  ligand-receptor-effector  combination  is  shown.  The  bottom 
of  the  scheme  illustrates  the  activity  that  each  of  the  three  ligand-receptor  complexes  might  have  at  each  of  the  three  effector 
sites.  Note  that  the  receptor  adopts  a  different  conformation  in  its  complex  with  the  three  ligands,  and  that  these  different 
shapes  affect  the  nature  of  the  receptor-effector  coupling.  In  a  tripartite  scheme,  the  potency  of  a  ligand  is  determined  largely 
by  its  affinity  of  interaction  with  the  receptor,  but  its  biocharacter  is  determined  by  the  interaction  that  the  ligand-receptor 
complex  has  with  various  effector  sites.  Therefore,  for  each  receptor,  the  biocharacter  (and  to  some  degree  the  potency)  of  a 
hormone  cannot  be  uniquely  assigned  without  reference  to  a  specific  response  and  effector  interaction.  Other  modes  of  nuclear 
receptor  gene  activation  than  the  three  illustrated  here  are  known,  such  as  the  remodeling  of  nucleosomal  and  chromatin  archi¬ 
tecture  by  hormone  receptor  complexes.  However,  for  simplicity,  only  three  are  shown  here  as  examples.  The  abbreviations 
are  L,  ligand;  HRE,  hormone  response  element;  GTFs,  general  transcriptional  factors;  TF,  transcription  factor.  (From  ref  [9].) 


cription  factors.  In  system  2,  the  DNA  interaction 
is  the  same,  but  interaction  with  the  general 
transcription  factors  is  mediated  by  an  adaptor 
or  coregulator  protein.  In  system  3,  an  estrogen 
response  element  (ERE)  is  not  involved,  and 
instead  interaction  with  DNA  is  indirect,  via  a 
transcription  factor  such  as  Fos  and  Jun.  These 
different  modes  of  receptor  activation  of  genes 
allow  for  considerable  diversity  in  mechanism  of 
gene  turn-on,  and  can  account  for  the  fact  that  the 


agonist/antagonist  activity  of  a  ligand  such  as 
tamoxifen  may  be  response-specific.  Since  the 
shape  that  the  receptor  assumes  around  each  lig¬ 
and  will  be  somewhat  different,  this  can  result  in 
differential  stimulation  or  failure  of  activation  of 
different  genes  [9]. 

We  and  others  [1,2,8,  and  refs,  therein]  have 
used  affinity  labeling  with  irreversibly  attaching 
ligands,  along  with  mutagenesis  and  deletion  ana¬ 
lyses,  to  study  estrogen  receptor  ligand-receptor- 
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response  relationships  and  to  define  regions  and 
amino  acid  residues  in  the  receptor  that  are  crit¬ 
ical  for  ligand  binding  and  discrimination  between 
estrogens  and  antiestrogens.  These  studies  identi¬ 
fied  a  region  in  the  hormone  binding  domain  near 
cysteine  530  that  was  important  in  discriminating 
between  estrogen  and  antiestrogen  [45],  and  a 
region  from  amino  acid  510  to  530  that  is  very 
important  for  hormone  binding  [46-49].  Some 
point  mutations  in  other  parts  of  the  E  domain 
were  also  found  to  affect  the  affinity  and  tempera¬ 
ture  stability  of  hormone  binding  [50].  Through 
the  use  of  alanine  scanning  mutagenesis  across 
the  amino  acid  515-535  region  of  the  receptor,  we 
have  identified  four  residues  most  important  in 
estradiol  binding  (amino  acids  521,  524,  525,  and 
528)  and  have  observed  that  these  form  a  compact 
unit  on  one  face  of  a  proposed  a-helix  in  the 
hormone  binding  domain  (Figure  5;  [51]).  Inter¬ 
estingly,  the  footprint  over  this  region  of  the  ER 
is  somewhat  different  with  antiestrogen,  implying 
that  receptor  conformation  is  different  with  anti¬ 
estrogen  versus  estrogen  [52].  Proteolytic  di¬ 
gestion  studies  on  the  antiestrogen  liganded  or 
estrogen  liganded  ER  also  support  the  view  that 
receptor  conformation  is  different  with  these  dif¬ 
ferent  types  of  ligands  [53,54]. 

The  structures  of  some  antiestrogens  are 
shown  in  Figure  6.  The  antiestrogens  can  be 
non-steroidal  or  steroidal,  based  on  either  non¬ 
steroidal  or  steroidal  estrogens,  and  usually  have 
a  bulky  side  chain  that  is  charged  or  polar.  The 
side  chain  is  essential  for  antiestrogenic  activity, 
as  removal  of  the  side  chain  results  in  a  com¬ 
pound  that  shows  only  estrogenic  activity.  Recent 
studies  have  documented  that  changes  both  in  the 
side  chain  and  in  the  linker  region  can  alter  the 
relative  agonistic  and  antagonistic  activity  of  anti¬ 
estrogens.  In  addition,  by  modifying  the  chem¬ 
ical  nature  of  the  antiestrogen,  it  is  possible  to 
generate  antiestrogens  that  are  purer  estrogen 
antagonists  [13-15],  and  also  to  develop  com¬ 
pounds  that  may  potentially  have  greater  tissue 
selectivity  [18,19],  being  strong  antagonists  in 
breast  cancer  cells,  while  showing  little  or  no 
stimulation  of  uterus  but  maintaining  estrogen-like 
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Figure  5.  Residues  in  the  region  from  amino  acid  515  to 
535  of  the  human  estrogen  receptor  that  are  most  impor¬ 
tant  in  estradiol  binding.  A  helical  face  map  of  the 
515-535  region  of  the  human  estrogen  receptor  is  shown 
(cc-helix  split  longitudinally  and  opened  up).  Darkly 
shaded  circles  represent  positions  where  alanine  sub¬ 
stitution  inhibits  estradiol  activity  of  the  receptor  40-95%. 
Lightly  shaded  circles  represent  positions  where  alanine 
substitution  inhibits  estradiol  activity  of  the  receptor 
20-40%.  Note  that  the  four  residues  most  important  in 
estradiol  binding  (residues  521,  524,  525,  and  528)  reside 
in  a  compact  unit  on  one  face  of  a  proposed  a-helix. 
(From  ref  [51].) 
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Figure  6.  Ligands  for  the  estrogen  receptor.  The  structures  of  two  estrogens  and  three  antiestrogens  are  shown. 


activity  in  bone  along  with  cardiovascular  and 
lipid  profile  benefits. 

Different  antiestrogens  display  a  different 
spectrum  or  balance  of  agonist  and  antagonist 
activity.  While  antiestrogens  have  in  the  past 
been  referred  to  as  type  I  (partial  antagonist) 
compounds  such  as  tamoxifen,  and  type  II  (pure 
antagonist)  compounds  such  as  ICI  164,384  or 
ICI  182,780,  it  is  now  clear  that  there  is  a 
spectrum  of  activity  that  is  often  target  cell-  and 
gene-dependent  [54,55],  In  all  cases,  antiestrogen 
binding  to  the  estrogen  receptor,  which  occurs  in 
a  manner  competitive  with  that  of  estradiol,  re¬ 
sults  in  a  different  receptor  conformation.  These 
conformational  differences  are  manifest  in  differ¬ 
ent  patterns  of  proteolytic  cleavage  [53,54]  and 
coregulator  interaction  [56-59],  With  compounds 
such  as  tamoxifen,  binding  to  receptor  fails  to 
activate  the  hormone-dependent  transcription 
activation  function  in  domain  E  of  the  receptor 
(AF-2),  while  having  no  effect  on  the  hormone- 
independent  activation  function  (AF-1)  in  the  A/B 
region  of  the  receptor.  Thus,  tamoxifen  is  a  par¬ 
tial  agonist/partial  antagonist  on  different  genes, 
dependent  on  the  promoter  and  the  cell  content  of 
cell-specific  factors  and  coregulators.  With  purer 


antagonists,  such  as  ICI  164,384,  the  receptor 
assumes  a  different  conformation.  This  often  re¬ 
sults  in  acceleration  of  the  rate  of  receptor  degra¬ 
dation  such  that  ER  levels  in  breast  cancer  cells 
decline  more  rapidly  over  time.  The  reduced  ER 
levels  and  the  different  conformation  of  any  re¬ 
maining  ICI  164,384-receptor  complexes  result  in 
a  situation  in  which  activation  of  transcription  by 
the  hormone-dependent  AF-2  region  in  domain  E, 
as  well  as  the  constitutive-transcriptional  activa¬ 
tion  through  AF-1  in  the  N-terminal  A/B  region, 
is  thus  not  possible  [20,31,38,39,54], 

Estrogens  have  been  shown  to  promote  a 
ligand-dependent  transcriptionally  productive  in¬ 
teraction  of  the  amino-  and  carboxyl-  terminal 
activation  function  regions  of  the  estrogen  recep¬ 
tor,  allowing  for  optimal  transcriptional  activity  of 
the  receptor  [23],  By  contrast,  when  antiestrogen 
binds  to  the  receptor,  the  antiestrogen-occupied 
receptor  exhibits  conformational  changes  that  are 
distinct  and  different  from  those  induced  by  estro¬ 
gen.  These  lead  to  association  of  the  amino-  and 
carboxyl-  terminal  regions,  but  this  interaction  is 
transcriptionally  unproductive.  Thus,  antiestro¬ 
gens  generally  fail  to  activate  gene  transcription, 
or  they  do  so  only  poorly  [23,60,61], 
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Figure  7.  A  model  to  explain  cellular  changes  that  may  underlie  hormonal  resistance.  Four  major  ways  in  which  hormonal 
resistance  may  arise  are  shown  in  the  boxed  areas  of  the  Figure.  See  text  for  details. 


Analysis  of  antiestrogen  resistance  in  breast 
cancer 

One  of  the  major  problems  in  long-term,  effec¬ 
tive  endocrine  therapy  for  breast  cancer  is  the 
development  of  hormonal  resistance,  in  particu¬ 
lar,  resistance  to  antiestrogen  therapy  [3,62,63]. 
There  are  at  least  four  major  ways  in  which  hor¬ 
monal  resistance  could  arise  (Figure  7,  boxed 
areas).  First,  there  could  be  estrogen  receptor  loss 
or  mutation,  and  there  is  evidence  for  this  in 
human  breast  tumors  [64-71],  but  this  probably 
accounts  for  only  a  portion,  perhaps  20%,  of  anti¬ 
estrogen-resistant  tumors  [72].  Second,  there  may 
also  be  post-receptor  alterations.  These  include 
changes  in  cAMP  and  phosphorylation  pathways, 
which  are  known  to  affect  the  transcriptional  ac¬ 
tivity  of  the  receptor  and  to  enhance  the  agonistic 


activity  of  tamoxifen-like  antiestrogens  [55]. 
There  may  also  be  possible  alterations  in  hormone 
response  elements,  coregulator  and  transcription 
factor  interactions,  or  mutations  of  growth  factor 
genes  and  protooncogenes  [3].  Third,  there  may 
also  be  changes  in  growth  factor  production/sensi- 
tivity,  i.e.  altered  production  of  autocrine  factors 
or  paracrine  interactions  from  adjacent  estrogen 
receptor  negative  breast  cancer  cells  or  stromal 
cells  [73].  Fourth,  there  may  be  pharmacologic 
alterations  in  the  antiestrogen  itself,  including 
altered  uptake  and  retention,  or  metabolism  of  the 
antiestrogen  [74].  There  is  evidence  from  work 
in  several  laboratories  that  changes  in  each  of 
these  four  aspects  can  result  in  hormonal  resis¬ 
tance.  Changes  may  thus  be  at  the  level  of  the 
estrogen  receptor  itself,  and  at  pre-  or  post¬ 
receptor  points  in  the  receptor-response  pathway. 


32  BS  Katzenellenbogen  et  al 


Although  resistance  would  clearly  result  from 
the  loss  of  the  estrogen  receptor  protein  or  might 
be  due  to  the  presence  of  variant  estrogen  recep¬ 
tors  in  breast  cancers,  for  which  there  is  already 
considerable  evidence  [64-72],  it  is  likely  that 
such  receptor  variants  account  for  only  a  portion 
of  hormone-resistant  breast  cancers.  As  shown 
through  the  studies  described  above,  point  muta¬ 
tions  in  discrete  regions  in  domain  E  of  the 
estrogen  receptor  would  eliminate  estrogen  or 
antiestrogen  binding,  and  therefore  eliminate 
response  to  either  of  these  ligands.  Likewise, 
changes  in  the  levels  of  splice  variant  forms  of 
ER  may  affect  antiestrogen  sensitivity  [64,71]. 
Other  changes  in  the  DNA-binding  ability  of  ER 
in  breast  tumors  have  also  been  reported  [75],  In 
the  carboxyl-terminal  region  of  domain  E,  muta¬ 
tions  can  result  in  receptors  which  bind  hormone 
but  are  altered  in  activation  function-2  activity. 
While  some  of  these  mutant  receptors  fail  to 
respond  to  either  estrogen  or  antiestrogen  [46], 
certain  changes  in  this  region,  corresponding  to 
the  proposed  helix  12  of  the  estrogen  receptor, 
result  in  receptors  which  show  no  response  to 
estrogen  but  surprisingly,  can  now  be  activated 
by  antiestrogen.  These  ligand  activity  inversion 
mutants  show  inverted  response  to  ligand  — 
antiestrogen  is  now  seen  as  a  stimulator  and 
estrogen  as  an  antagonist  [39,76].  With  such  a 
mutation,  a  tumor  would  be  stimulated  by  anti¬ 
estrogen  rather  than  being  suppressed  by  it. 
Furthermore,  other  specific  point  mutational 
changes  in  the  activation  function-2  region  of  the 
estrogen  receptor  result  in  estrogen  receptors  that 
show  differential  response  to  partial  and  pure  anti¬ 
estrogens  [39],  These  and  related  findings  [45, 
77,78]  emphasize  that  even  single  amino  acid 
changes  can  dramatically  affect  the  conformation 
of  the  receptor  and  its  functional  interaction  with 
the  transcriptional  machinery,  resulting  in  recep¬ 
tors  that  may  be  either  fully  inactive  or  partially 
active,  or  in  receptors  that  now  misinterpret  the 
nature  of  the  ligand  (i.e.  see  some  antiestrogens  as 
estrogens  and  estrogens  as  antagonists).  They 
also  highlight  that  the  ER  can  distinguish  exquis¬ 
itely  among  different  estrogen  and  antiestrogen 


ligands. 

It  is  clear,  however,  that  in  many  cases,  alter¬ 
ations  in  hormonal  sensitivity/resistance  occur 
despite  the  presence  of  significant  levels  of 
apparently  normal  estrogen  receptors  [73,79-81], 
Perhaps  most  importantly,  clinical  experience  has 
shown  that  hormonal  resistance  is  often  rever¬ 
sible,  suggesting  a  cellular  adaptation  mechanism 
rather  than  a  genetic  alteration  in  many  breast 
cancer  patients.  For  example,  patients  who 
become  resistant  to  tamoxifen  often  respond 
immediately  to  treatments  with  high  dose  estrogen 
or  return  to  a  state  of  tamoxifen  responsiveness 
after  a  period  of  alternative  therapy  [82-84], 
Therefore,  any  mechanism  that  would  explain  this 
form  of  tamoxifen  resistance  in  these  patients, 
would  have  to  involve  mechanisms  that  would  be 
reversible  or  adaptational,  in  contrast  to  other 
mechanisms  for  tamoxifen  resistance  that  might 
involve  mutations  in  the  estrogen  receptor  or 
other  critical  transcription  factor  or  growth  factor 
genes. 

It  has  now  been  well  documented  that  estrogen 
receptor  activity  is  regulated  by  phosphorylation, 
and  this  may  be,  at  least  in  part,  how  growth 
factors  and  cAMP  influence  estrogen  receptor 
activity.  Our  studies  have  shown  that  cAMP  and 
some  growth  factors  enhance  ER  transcriptional 
activity,  increase  ER  phosphorylation,  and  change 
the  agonist/antagonist  balance  of  some  antiestro¬ 
gens  [2,8,55,85].  Agents  which  increased  intra¬ 
cellular  cAMP  levels  in  MCF-7  breast  cancer 
cells  resulted  in  tamoxifen  becoming  more  agon¬ 
istic  and  a  weaker  antagonist  of  estrogen-stimu¬ 
lated  transcriptional  activity.  In  contrast,  the 
purer  antiestrogen  ICI  164,384  did  not  have  its 
transcriptional  activity  affected  by  increasing  in¬ 
tracellular  cAMP.  Even  in  the  presence  of  eleva¬ 
ted  intracellular  cAMP,  ICI  164,384  remained  a 
complete  estrogen  antagonist  without  any  intrinsic 
stimulatory  activity  [55]. 

In  this  regard,  it  is  noteworthy  that  cAMP 
levels  are  significantly  higher  in  breast  tumors 
than  in  normal  breast  tissue  or  fibrocystic  breast 
tissue  [86,87]  and  that  elevated  concentrations  of 
cAMP  binding  proteins  are  associated  with  early 
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disease  recurrence  and  poor  survival  rates.  It  has 
been  shown  that  the  tumor  content  of  cAMP  bind¬ 
ing  proteins  serves  as  a  highly  significant  prog¬ 
nostic  factor,  equal  in  utility  to  that  of  the 
estrogen  receptor,  in  predicting  disease-free  and 
overall  survival  in  breast  cancer  [88,89],  and  that 
the  content  of  cAMP  binding  proteins,  in  com¬ 
bination  with  estrogen  receptor  measurements,  is 
very  useful  in  identifying  endocrine  responsive 
tumors  [90,91]. 

Thus,  mutational  changes  in  the  ER  itself,  and 
changes  in  cAMP  and  phosphorylation  pathways, 
could  contribute  to  hormonal  resistance.  Changes 
in  growth  factor  pathways  that  are  normally  under 
estrogen  and  antiestrogen  regulation  appear  also 
to  contribute  to  hormonal  resistance  as  described 
below. 

To  understand  better  the  antiestrogen-resistant 
phenotype  that  frequently  develops  in  breast 
cancer  patients  receiving  tamoxifen,  we  cultured 
MCF-7  breast  cancer  cells  long-term  (>  1  year)  in 
the  presence  of  the  antiestrogen  trans- hydroxy- 
tamoxifen  (TOT)  to  generate  a  subline  refractory 
to  the  growth-suppressive  effects  of  TOT  [73]. 
This  subline  (designated  MCF/TOT)  showed 
growth  stimulation,  rather  than  inhibition,  with 
TOT  and  diminished  growth  stimulation  with 
estradiol  (E2),  yet  remained  as  sensitive  as  the 
parental  cells  to  growth  suppression  by  another 
antiestrogen,  ICI  164,384.  Estrogen  receptor  (ER) 
was  maintained  at  40%  of  the  level  in  the  parent 
MCF-7  cells,  but  MCF/TOT  cells  failed  to  show 
an  increase  in  progesterone  receptor  content  in 
response  to  E2  or  TOT  treatment.  In  contrast,  the 
MCF/TOT  subline  behaved  like  parental  cells  in 
terms  of  E2  and  TOT  regulation  of  ER  and  pS2 
expression  and  transactivation  of  a  transiently 
transfected  estrogen-responsive  gene  construct. 
DNA  sequencing  of  the  hormone  binding  domain 
of  the  ER  from  both  MCF-7  and  MCF/TOT  cells 
confirmed  the  presence  of  wild-type  ER  and  exon 
5  and  exon  7  deletion  splice  variants,  but  showed 
no  point  mutations.  Compared  to  the  parental 
cells,  the  MCF/TOT  subline  showed  reduced 
sensitivity  to  the  growth-suppressive  effects  of 
retinoic  acid  and  complete  resistance  to  exogen¬ 


ous  TGF-Pl.  The  altered  growth  responsiveness 
of  MCF/TOT  cells  to  TOT  and  TGF-P  1  was  par¬ 
tially  to  fully  reversible  following  TOT  with¬ 
drawal  for  16  weeks.  These  findings  underscore 
the  facts  that  antiestrogen  resistance  is  response- 
specific;  that  loss  of  growth  suppression  by  TOT 
appears  to  be  due  to  the  acquisition  of  weak 
growth  stimulation;  and  that  resistance  to  TOT 
does  not  mean  global  resistance  to  other  purer 
antiestrogens  such  as  ICI  164,384,  implying  that 
these  antiestrogens  must  act  by  somewhat  differ¬ 
ent  mechanisms.  The  association  of  reduced 
retinoic  acid  responsiveness  and  insensitivity  to 
exogenous  TGF-P  with  antiestrogen  growth-resis¬ 
tance  in  these  cells  supports  the  increasing 
evidence  for  interrelationships  among  cell  regu¬ 
latory  pathways  utilized  by  these  three  growth- 
suppressive  agents  in  breast  cancer  cells.  In 
addition,  our  findings  indicate  that  one  mech¬ 
anism  of  antiestrogen  resistance,  as  seen  in 
MCF/TOT  cells,  may  involve  alterations  in 
growth  factor  and  other  hormonal  pathways  that 
affect  the  ER  response  pathway. 

What  we  have  learned  from  this  model  system 
is  that  the  breast  cancer  cells  which  were 
originally  suppressed  by  tamoxifen  have  become 
no  longer  growth  inhibited  by  this  antiestrogen 
and  are  in  fact  weakly  stimulated  by  it,  as  shown 
by  others  as  well  [74,92,93].  The  resistance  to 
tamoxifen  is  partially  reversible  following  re¬ 
moval  of  tamoxifen,  suggesting  cell  adaptation 
rather  than  mutational  changes  in  this  model  cell 
system.  In  addition,  the  MCF/TOT  cells  produce 
high  levels  of  TGF-p,  yet  grow  very  rapidly  and 
are  not  inhibited  either  by  antiestrogen  or  by  the 
TGF-Ps  that  they  are  producing  or  that  we  add  to 
their  culture  media.  This  resistance  to  TGF-p  is 
not  attributable  to  loss  of  TGF-P  receptors,  im¬ 
plying  a  possible  change  in  the  TGF-p  signaling 
pathway  [73].  On-going  studies,  employing  dif¬ 
ferential  display  methods  with  mRNA  from  tam¬ 
oxifen-resistant  and  tamoxifen-sensitive  breast 
cancer  cells,  should  allow  a  better  understanding 
of  the  tamoxifen-resistant  phenotype. 

Hormonal  resistance,  therefore,  can  involve 
estrogen  receptor  and  post-receptor  changes.  We 
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know  that  resistance  can  result  from  mutational 
changes  in  the  estrogen  receptor;  changes  in 
pathways  (i.e.  growth  factors  and  cAMP)  that 
impact  on  the  estrogen  receptor  and  the  phos¬ 
phorylation  state  of  the  cell;  changes  in  co¬ 
regulators  which  interact  with  the  estrogen 
receptor;  and  changes  in  growth  factor  pathways 
which  are  normally  under  estrogen  and  anti¬ 
estrogen  regulation  (TGF-a,  TGF-|3s)  and  may 
now  become  constitutive. 

What  advances  does  the  future  hold?  It  is 
clear  that  a  better  understanding  of  the  estrogen 
receptor-response  pathway  and  further  develop¬ 
ment  of  modified  antiestrogen  ligands  should 
result  in  antiestrogens  with  improved  tissue 
selectivity  and  agents  that  may  engender  resis¬ 
tance  more  slowly.  At  a  minimum,  new  genera¬ 
tion  antiestrogens  should  provide  an  armament  of 
reagents  that  will  prove  to  be  highly  beneficial 
should  resistance  to  one  antiestrogenic  agent 
develop.  For  example,  it  is  already  known  that 
purer  antiestrogens,  which  act  through  a  some¬ 
what  different  receptor  mechanism  than  do  the 
tamoxifen-like  antiestrogens,  are  of  benefit  in 
some  breast  cancer  patients  when  resistance  to 
tamoxifen  develops  [17,94-96].  New  information 
on  ligand  structure-receptor  activity  relationships 
and  the  characterization  of  molecular  changes  that 
underlie  alterations  in  parallel  signal  transduction 
pathways  that  impact  on  the  ER  should  lead  to 
the  development  of  new  antiestrogens  even  more 
effective  and  tissue  selective  than  those  currently 
available  for  the  treatment  and  ultimate  prevention 
of  breast  cancer. 
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The  estrogen  receptor  (ER)  belongs  to  a  large  family 
of  nuclear  receptors,  many  of  whose  members  func¬ 
tion  as  ligand-dependent  transcriptional  activators. 
The  mechanism  by  which  the  receptor  is  converted 
from  an  inactive  into  an  activated  state  is  not  yet 
completely  understood.  To  investigate  the  kind  of 
changes  in  receptor  conformation  and  interactions 
that  are  involved  in  this  activation,  we  have  used  the 
wild  type  ER  and  a  set  of  constitutively  active  ER 
point  mutants  that  show  from  20%  to  nearly  100% 
activity  in  the  absence  of  estrogen.  These  mutants 
are  of  particular  interest  as  they  could  mimic,  in  the 
absence  of  ligand,  the  activated  state  of  the  wild  type 
receptor.  We  have  analyzed  several  transcriptional 
steps  that  could  be  involved  in  the  activation:  the 
ability  of  these  receptors  1)  to  interact  with  several 
coactivators  (steroid  receptor  coactivator-1,  SRC-1; 
transcription  intermediary  factor- 1,  TIF-1 ;  and  estro¬ 
gen  receptor-associated  protein  140,  ERAP 140)  and 
with  members  of  the  preinitiation  complex  [TATA 
box-binding  protein  (TBP),  transcription  factor  IIB 
(TFIIB)];  2)  to  exhibit  conformational  changes  re¬ 
vealed  by  proteolytic  digest  patterns  similar  to  those 
observed  for  the  wild  type  hormone-occupied  ER; 
and  3)  to  bend  estrogen  response  element-contain¬ 
ing  DNA,  which  is  thought  to  be  one  of  the  important 
phenomena  triggering  transcriptional  activation.  Our 
results  demonstrate  that  the  interaction  of  these  mu¬ 
tant  receptors  with  coactivators  is  likely  to  be  one  of 
the  features  of  the  activated  step,  as  the  mutant 
receptors  interacted  with  some  coactivators  in  a  li¬ 
gand-independent  manner  in  proportion  to  their  ex¬ 
tent  of  constitutive  activity.  However,  the  different 
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degrees  of  ligand-independent  interaction  of  the  mu¬ 
tant  ERs.  with  the  three  coactivators  suggest  that 
SRC-1,  TIF-1,  and  ERAP  140  may  play  different  roles 
in  receptor  activity.  Limited  proteolytic  digest  exper¬ 
iments  reveal  that  the  activated  state  of  the  receptor 
corresponds  to  a  particular  conformation  of  the  re¬ 
ceptor,  which  is  fully  observed  with  the  mutant  ER 
showing  the  highest  activity  in  the  absence  of  estro¬ 
gen.  Finally,  it  appears  that  in  inactive  or  active 
states,  the  receptor  exhibits  distinctly  different  DNA- 
bending  abilities.  Addition  of  estradiol  is  able  to  mod¬ 
ify  the  bending  ability  of  only  the  wild  type  receptor, 
whereas  estradiol  has  no  influence  on  the  constitu¬ 
tive  receptors,  which  exhibited  the  same  bending 
ability  as  that  observed  for  the  ligand-occupied  wild 
type  receptor.  These  data  document  that  the  ER  un¬ 
dergoes  major  changes  in  its  conformation  and  also 
in  its  functional  properties  when  it  is  turned  from  an 
inactive  into  an  active  state  and  that  mutational 
changes  in  the  ER  protein  that  result  in  constitutive, 
hormone-independent  activation  mimic  many  of  the 
changes  in  ER  properties  that  are  normally  under 
hormone  regulation.  (Molecular  Endocrinology  11: 
1375-1386,  1997) 


INTRODUCTION 

The  estrogen  receptor  (ER)  is  a  ligand-dependent 
transactivator  that  belongs  to  a  large  superfamily  of 
nuclear  receptors.  Some  members  are  active  only  in 
the  presence  of  ligand,  as  is  the  case  for  the  ER,  but  a 
large  number  have  no  identified  ligand  at  the  present 
time  and  could  be,  in  some  cases,  ligand-independent 
factors  (for  review,  see  Ref.  1).  All  these  receptors 
share  a  common  structure  of  five  domains  named  A/B, 
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C,  D,  E  and  F  (2),  and  some  key  functions  have  been 
assigned  to  each  domain.  The  N-terminal  A/B  domain 
contains  the  ligand-independent  transcription  activa¬ 
tion  function  1  (AF-1)  (3,  4).  The  C  domain  has  a 
characteristic  helix-loop-helix  structure  stabilized  by 
two  zinc  atoms  and  is  responsible  for  the  binding  to 
estrogen  response  elements  (EREs)  (5,  6).  The  D  do¬ 
main  appears  to  be  a  hinge  region  that  can  modulate 
the  DNA-binding  ability  of  the  receptor  (7).  The  E  and 
F  domains  are  involved  in  the  ligand-binding  function 
and  exhibit  also  a  strong  ligand-dependent  activation 
function  (AF-2)  (5,  8). 

Numerous  studies  have  focused  on  different  as¬ 
pects  of  the  process  by  which  the  receptor  is  trans¬ 
formed  from  an  inactive  state  in  the  absence  of  ligand 
to  an  activated  state  upon  ligand  exposure.  However, 
this  process  is  still  not  fully  understood.  In  its  inactive 
form,  the  receptor  is  associated  with  a  number  of  other 
proteins  (including  at  least  hsp90,  hsp70,  and  p23), 
forming  a  multiprotein  complex  with  a  sedimentation 
constant  of  8-9  S  (9-11).  In  the  unliganded  state, 
receptors  for  thyroid  hormone  (TR)  or  for  retinoids 
[retinoic  acid  receptor  (RAR)  and  retinoid  X  receptor 
(RXR)]  can  have  an  inhibitory  effect  on  transcription 
and  are  associated  with  corepressors  (12-17).  Upon 
hormone  exposure,  most  of  the  associated  proteins 
are  released,  and  the  receptor  appears  as  a  4-5  S 
sedimenting  complex  (18,  19).  In  this  state,  the  recep¬ 
tor  is  able  to  dimerize  and  to  associate  with  coactiva¬ 
tors  (20-27).  The  receptor  is  also  known  to  undergo 
changes  in  its  phosphorylation  state  (28,  29)  and  con¬ 
formation  (30,  31). 

The  aim  of  this  study  is  to  understand  what  kind  of 
changes  in  function  and  conformation  the  receptor  un¬ 
dergoes  when  it  is  converted  to  the  active  state.  To 
address  these  questions,  we  have  used  the  wild  type  ER 
and  a  set  of  three  constitutive  ER  mutants  that  corre¬ 
spond  to  amino  acid  substitutions  at  residue  380  or 
residue  537  (32,  33).  These  mutants  show  constitutive 
activity  in  the  absence  of  estradiol  (E2)  ranging  from  20  to 
nearly  100%  of  the  activity  of  wild  type  receptor  in  the 
presence  of  E2.  By  comparing  the  properties  of  wild  type 
and  these  mutant  receptors  in  the  absence  and  in  the 
presence  of  estrogens  or  antiestrogens,  we  have  ana¬ 
lyzed  their  ability  to  interact  with  several  known  coacti¬ 
vators  and  members  of  the  preinitiation  complex  (PIC). 
Moreover,  the  conformation  of  these  receptors  was 
studied  by  limited  proteolytic  digest  experiments.  Finally, 
we  analyzed  the  ability  of  these  receptors  to  bend  ERE- 
containing  DNA,  which  is  thought  to  reflect  in  part  the 
transcriptional  ability  of  transcription  factors  (34-36).  Al¬ 
together,  these  results  demonstrate  that,  upon  hormone 
exposure,  the  wild  type  receptor  undergoes  major 
changes  in  its  conformation  and  in  its  properties, 
whereas  no  effect  or  only  limited  effects  of  hormone  are 
observed  with  the  constitutively  active  receptors,  as 
these  appear  to  have  already  undergone  those  changes 
that  render  them  ligand-independent  transcriptional 
activators. 


RESULTS 

Certain  ER  Mutants  Show  Constitutive  Activity 

To  understand  the  mechanisms  underlying  the  acti¬ 
vated  state  of  a  normally  hormone-activated  nuclear 
receptor,,  we  have  analyzed  the  properties  of  the  wild 
type  ER  as  well  as  those  of  constitutively  active  mutant 
ERs.  Several  steps  presumed  to  be  involved  in  recep¬ 
tor  activation  upon  ligand  treatment  were  analyzed,  /.e. 
the  interaction  of  the  wild  type  and  mutant  ERs  with 
coactivators  and  members  of  the  PIC,  the  conforma¬ 
tional  state  of  these  receptors  before  and  after  treat¬ 
ment  with  estrogen,  and  their  ability  to  bend  ERE- 
containing  DNA  fragments. 

Transcriptional  activity  of  the  wild  type  or  mutant 
ERs  was  monitored  in  the  presence  and  absence  of 
hormone  with  estrogen-responsive  CAT  reporter 
genes  containing  a  minimal  (TATA)  or  a  complex  (pS2) 
promoter.  As  shown  in  Fig.  1 ,  in  the  absence  of  ligand, 
the  Y537S  ER  exhibited  constitutive  activity  65-90% 
that  of  the  estrogen-occupied  ER,  the  level  of  activity 
being  dependent  on  the  promoter  used,  while  the 
Y537A  and  E380Q  mutant  ERs  exhibited  constitutive 
activity  in  the  absence  of  ligand  about  15%  to  30% 
that  of  wild  type  activity  in  the  presence  of  E2.  More¬ 
over,  all  three  receptors  were  as  potent  as  wild  type  ER 
in  activating  transcription  in  the  presence  of  E2.  The 
magnitude  of  constitutive  activity  of  the  ERs  shown  in 
Fig.  1  is  consistent  with  our  earlier  findings  (32,  33). 
Referring  to  the  structure  of  the  related  nuclear  recep¬ 
tors  hRARy  and  rTRal,  for  which  crystallographic  in¬ 
formation  is  available  (37,  38),  the  Y537  residue  would 
be  in  helix  12,  containing  the  hormone-dependent  ac¬ 
tivation  function  (AF-2)  of  nuclear  receptors,  and  the 
E380  residue  would  be  at  the  end  of  helix  4  of  the 
ligand-binding  domain.  [Note:  The  helix  numbering  is 
from  the  RARy  structure  (37).] 

Mutant  and  Wild  Type  ERs  Interact  in  a  Different 
Manner  with  Receptor-Associated  Proteins 

As  numerous  reports  have  emphasized  the  require¬ 
ment  of  coactivator  factors  to  promote  full  activity  of 
nuclear  receptors  in  the  presence  of  their  ligand,  it 
was  of  interest  to  determine  the  extent  to  which  wild 
type  ER  and  the  constitutively  active  mutants  inter¬ 
acted  with  these  factors.  Pull-down  experiments 
were  performed  utilizing  glutathione-S-transferase 
(GST)  fusion  proteins  with  the  hormone-binding  do¬ 
main  of  the  different  ERs.  These  fusions  proteins 
were  expressed  in  bacteria  and  adsorbed  onto 
GSH-Sepharose  columns.  The  interaction  of  coac¬ 
tivators  with  these  ERs  was  then  analyzed  using  in 
vitro  translated  coactivators,  with  equal  inputs  of 
coactivator  in  each  experimental  sample.  Interac¬ 
tions  were  monitored  in  the  absence  of  ligand  and  in 
the  presence  of  estradiol  or  the  antiestrogen  trans- 
hydroxy-tamoxifen  (TOT)  (Fig.  2). 
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Fig.  1.  Specific  Mutations  of  the  Tyrosine  537  and  Glutamic  Acid  380  Residues  Create  Constitutively  Active  ERs 
Transcriptional  activity  of  wild  type  or  mutant  (Y537S,  Y537A,  E380Q)  ERs  were  monitored  in  the  absence  or  presence  of  E2. 
A,  CHO  cells  were  cotransfected  with  wild  type  or  mutant  (Y537S,  Y537A,  E380Q)  ER  expression  vectors,  reporter  gene  construct 
2ERE-TATA-CAT,  and  a  pCHIIO  /3-galactosidase  internal  reporter.  Transfected  cells  were  treated  for  24  h  with  no  hormone  or 
E2  (1 0-8  m).  Values  are  the  means  and  sds  of  three  experiments  after  standardization  with  /3-galactosidase  activity  and  are 
expressed  as  the  percentage  of  the  CAT  activity  observed  with  wild  type  ER  in  the  presence  of  E2.  B,  MDA-MB-231  cells  were 
transfected  in  the  same  conditions  as  for  CHO  cells,  except  that  the  CAT  reporter  construct  used  was  2ERE-pS2-CAT. 


For  the  wild  type  ER  in  the  absence  of  ligand  (control 
vehicle  only,  lane  labeled  C),  no  interaction  was  ob¬ 
served  with  SRC-1,  TIF-1,  or  ERAP-140,  as  expected 
(23,  26,  39).  The  addition  of  E2  promoted  a  good 
interaction  with  these  factors,  whereas  TOT  showed 
no  ability  to  promote  interaction  between  the  wild  type 
ER  and  these  factors.  When  GST  protein  alone  was 
used,  no  interaction  was  observed  with  any  of  the 
coactivators,  either  in  the  absence  or  in  the  presence 
of  ligands  (data  not  shown).  Since  equal  inputs  of 
radiolabeled  coactivators  were  used  in  all  samples,  it 
is  of  note  that  in  the  presence  of  E2,  ERAP-140  and 
TIF-1  showed  a  much  lower  extent  of  interaction  with 
wild  type  ER  than  SRC-1 ,  which  could  mean  that  these 
cofactors  are  somewhat  less  specific  for  ER  than 
SRC-1. 

The  Y537S  receptor  showed  a  distinct  interaction 
with  each  of  these  three  coactivators.  In  the  absence 
of  E2,  this  mutant  interacted  with  SRC-1  as  strongly  as 
did  wild  type  receptor  in  the  presence  of  E2;  this  in¬ 
teraction  in  the  absence  of  E2  was  not  significantly 


enhanced  by  the  addition  of  E2,  but  was  completely 
suppressed  by  TOT.  The  Y537S  ER  showed  a  mod¬ 
erate  but  readily  detected  interaction  with  TIF-1  in  the 
absence  of  E2,  and  again  this  interaction  was  sup¬ 
pressed  by  TOT.  However,  as  opposed  to  the  interac¬ 
tion  of  Y537S  ER  with  SRC-1,  which  is  already  maxi¬ 
mal  in  the  absence  of  E2,  the  binding  of  TIF-1  to  the 
Y537S  ER  was  markedly  enhanced  by  addition  of  E2. 
Y537S  ER  shows  yet  a  third  pattern  of  interaction  with 
the  coactivator  ERAP-140.  There  is  a  small  interaction 
in  the  absence  of  E2,  which  was  easily  seen  with  longer 
times  of  autoradiography  (data  not  shown),  whereas 
for  the  same  exposure  times,  no  interaction  was 
observed  with  either  the  unliganded  wild  type  ER 
or  any  of  the  other  constitutively  active  receptors 
(Fig.  2).  Moreover,  as  with  TIF-1,  the  binding  of 
ERAP-140  to  the  Y537S  ER  was  greatly  increased  by 
addition  of  E2. 

Therefore,  the  fully  constitutively  active  mutant  ER, 
Y537S,  showed  a  different  extent  of  ligand-indepen¬ 
dent  interaction  with  the  three  coactivators:  full  inter- 
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Fig.  2.  Interaction  of  ERAP140,  TIF-1,  and  SRC-1  Coactiva¬ 
tors  with  Wild  Type  ER  and  with  Constitutively  Active  ERs 
GST  fusion  proteins  with  the  wild  type  (WT)  or  Y537S, 
Y537A,  E380Q  ERs  were  incubated  in  the  presence  of  the 
same  amount  of  in  vitro  translated  [35S]methionine-labeled 
ERAP140,  TIF-1,  and  SRC-1  coactivators.  Incubations  were 
performed  in  the  absence  of  hormone  (control  0.1%  ethanol 
vehicle,  C)  or  in  the  presence  of  E2  (E:  1  fi m)  or  TOT  (T:  1  /lim). 
After  incubation  and  extensive  washings  of  the  glutathione 
Sepharose,  the  beads  were  boiled  in  Laemmli  buffer,  and 
samples  were  analyzed  by  SDS-PAGE  followed  by  autora¬ 
diography. 


action  with  SRC-1,  some  interaction  with  TIF-1,  and 
little  interaction  with  ERAP-140.  Occupancy  with  E2 
was  needed  to  achieve  maximal  interaction  with  TIF-1 
and  ERAP-140. 

Concerning  Y537A  and  E380Q  mutant  ERs,  both 
receptors  showed  the  same  type  of  interaction  with 
SRC-1,  namely  a  weak  interaction  in  the  absence  of 
E2,  which  was  greatly  enhanced  by  addition  of  E2.  The 
interaction  in  the  absence  of  ligand  (control  vehicle,  C) 
was  abolished  by  incubation  in  the  presence  of  TOT. 
Both  the  Y537A  and  E380Q  receptors  required  E2  for 


interaction  with  TIF-1  or  ERAP-140,  but  even  with  E2 
treatment,  the  interaction  of  the  E380Q  mutant  with 
ERAP-140  was  much  lower  than  that  observed  for 
E2-occupied  wild  type  receptor. 

Mutant  and  Wild  Type  ERs  Interact  in  a  Ligand- 
Independent  Manner  with  the  PIC 

The  interaction  of  the  ER  with  the  PIC  could  be  another 
step  of  the  transcriptional  process  involved  in  the  ac¬ 
tivation.  Transcription  factor  II  B  (TFIIB)  and  TATA-box 
binding  protein  (TBP)  are  two  members  of  the  PIC  that 
have  been  shown  to  be  the  target  of  numerous  tran¬ 
scription  factors.  We  therefore  expressed  these  fac¬ 
tors  by  in  vitro  translation  and  used  them  in  pull-down 
experiments  to  test  their  interactions  with  our  ER  pro¬ 
teins.  The  wild  type  ER  and  the  three  mutants  showed 
a  much  stronger  interaction  with  TBP  compared  with 
TFIIB,  but  for  both  the  mutant  ERs  and  the  wild  type 
ER,  interaction  with  TFIIB  and  with  TBP  occurred  in  the 
absence  or  presence  of  E2  (Fig.  3).  Among  the  three 
mutant  receptors,  the  Y537S  ER  displayed  the  great- 
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Fig.  3.  Patterns  of  Interaction  of  Wild  Type  and  Mutant  ERs 
with  Two  Members  of  the  PIC,  TBP  and  TFIIB 

Pull-down  experiments  were  performed  as  described  in 
Fig.  2  except  that  in  vitro  translated  proteins  were  TBP  and 
TFIIB  in  the  absence  or  presence  of  E2  (1  /lim).  In  vitro  trans¬ 
lated  TFIIB  appeared  as  two  major  products,  which  both 
interacted  with  the  wild  type  ER.  The  autoradiograms  show 
the  interactions  of  GST-WT,  GST-Y537S,  GST-Y537A,  and 
GST-E380Q  ERs  with  TBP  and  TFIIB. 
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est  ability  to  interact  with  TBP,  being  comparable  to 
that  of  wild  type  ER.  There  was  less  difference  in  the 
degree  of  interaction  of  all  four  receptors  with  TFIIB. 

The  Y537S  Mutant  Is  in  an  Active  Conformation 
in  the  Absence  of  Hormone:  Proteolytic  Digest 
Patterns 

Previous  studies  have  shown  that  differences  in  the 
conformation  of  unoccupied  and  hormone-occupied 
steroid  receptors  can  be  detected  by  differential 
sensitivity  to  protease  digestion  (30,  40).  We  there¬ 
fore  tested  whether  differences  in  proteolytic  diges¬ 
tion  patterns  might  provide  a  means  to  discriminate 
between  constitutively  active  and  inactive  states 
among  our  mutant  ERs.  The  proteolytic  digestion 
patterns  of  [35S]methionine-labeled  wild  type  or 


mutant  ERs  were  analyzed  by  denaturing  gel  elec¬ 
trophoresis.  The  results  of  these  analyses  are  shown 
in  Fig.  4. 

In  the  absence  of  ligand,  ER  is  highly  sensitive  to 
trypsin  and  gives  a  proteolytic  digestion  pattern  in 
which  the  fragment  sizes  decrease  rapidly  with  in¬ 
creasing  concentrations  of  trypsin,  until  two  bands  of 
approximately  equal  intensity  appear  and  remain  rel¬ 
atively  stable  (panel  A,  lanes  1-4).  One  of  these  is 
approximately  28  kDa  (arrow  B),  while  the  other  is 
approximately  25  kDa  (arrow  A).  When  the  receptor  is 
occupied  with  E2,  only  the  upper  band  is  strongly 
stabilized  (lanes  5-8,  arrow  B),  suggesting  that  recep¬ 
tor  in  an  active  conformation  is  protected  from  further 
cleavage  by  trypsin.  A  transiently  stabilized  fragment 
at  about  35  kDa  appears  with  E2  treatment  when  re¬ 
ceptor  is  digested  with  5  i±g/m\  trypsin  (lane  6,  arrow 
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Fig.  4.  Proteolytic  Digest  Patterns  of  Radiolabeled  Wild  Type  or  Constitutively  Active  ERs  after  Incubation  with  Increasing 
Concentrations  of  Trypsin 

A,  Unliganded  (0.1  %  ethanol  control  vehicle,  lanes  1-4)  or  E2-occupied  (lanes  5-8)  wild  type  ER  incubated  for  10  min  at  22  C 
with  0,  5, 1 5,  or  25  jug/ml  trypsin.  B,  Unliganded  or  E2-occupied  wild  type  or  Y537S  ERs  incubated  for  1 0  min  at  22  C  with  0,  1 .5, 
5,  or  15  /itg/ml  trypsin.  C,  Unliganded  or  E2-occupied  Y537A,  wild  type,  or  E380Q  ERs  incubated  with  trypsin  as  described  for 
panel  B.  After  trypsin  exposure,  samples  were  analyzed  by  SDS-PAGE.  The  radiolabeled  products  were  visualized  by  autora¬ 
diography. 
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Fig.  5.  Phasing  Analysis  of  Wild  Type  and  Mutant  ERs  with  ERE-Containing  DNA  Fragments 
Translation  of  receptors  was  performed  in  the  absence  or  in  the  presence  of  1  /xm  E2.  Reticulocyte  lysate-expressed  receptors 
were  incubated  with  32P-labeled  DNA  fragments  containing  an  intrinsic  bend  separated  from  a  consensus  ERE  by  26,  28,  30,  32, 
34,  or  36  nucleotides.  The  ER-DNA  complexes  were  fractionated  on  a  8%  polyacrylamide  gel,  dried,  and  visualized  by 
autoradiography. 


C),  although  this  fragment  is  further  digested  when  the 
trypsin  concentration  is  increased. 

The  Y537S  ER  mutant,  which  shows  nearly  full  con¬ 
stitutive  activity  in  the  absence  of  ligand,  showed  a 
proteolytic  digestion  pattern  in  both  its  unliganded  or 
liganded  state  (compare  lanes  9-12  with  13-16),  which 
closely  resembled  the  pattern  seen  for  wild  type  ER 
treated  with  E2.  Also,  the  transiently  stabilized  band  at 
35  kDa  (arrow  C),  which  in  wild  type  ER  is  stabilized 
only  in  the  presence  of  E2  (lane  7),  is  strongly  stabilized 
in  Y537S  ER  without  or  with  E2  (lanes  11  and  15). 
There  is,  however,  a  small  amount  of  protein  present  in 
the  lower/inactive  form  (arrow  A)  in  the  absence  of 
hormone  (lanes  1 1  and  12),  which  shifts  to  the  upper/ 
active  form  (arrow  B)  when  E2  is  added.  Thus,  the 
proteolytic  digest  pattern  for  the  Y537S  receptor  re¬ 
flects  its  constitutively  active  state. 

The  unoccupied  E380Q  and  Y537A  ERs,  which  pos¬ 
sess  partial  constitutive  activity,  showed  a  slight  en¬ 
hancement  of  the  transiently  stabilized,  high  molecular 
mass  bands,  including  the  approximately  40-kDa 
band  D  and  the  35-kDa  band  C,  relative  to  the  unoc¬ 
cupied  wild  type  ER,  especially  noticeable  at  a  trypsin 


concentration  of  5  /x g/ml  (compare  lanes  1 1  and  1 9  vs. 
3).  Perhaps  these  subtle  differences  are  indicative  that 
the  unliganded  E380Q  and  Y537A  receptors  have 
taken  on  a  partially  active  conformation.  However,  E2 
treatment  resulted  in  a  predominance  of  the  B  species 
after  increasing  trypsin  treatment,  as  observed  with 
the  wild  type  E2-occupied  receptor. 

Transcriptionally  Active  Wild  Type  and  Mutant 
ERs  Induce  Similar  DNA-Bending  Angles 

Wild  type  and  mutant  ERs  were  expressed  in  a  reticu¬ 
locyte  lysate  system  in  the  presence  or  absence  of 
estrogen  and  used  in  DNA-phasing  analysis  experi¬ 
ments  to  determine  the  orientation  and  magnitude  of 
ER-induced  DNA  bending  (Fig.  5).  The  unoccupied 
and  estrogen-occupied  in  vitro  translated  ERs  were 
incubated  with  32P-labeled  DNA  fragments,  each  of 
which  contained  an  intrinsic  DNA  bend  separated  from 
a  consensus  ERE  by  either  26,  28,  30,  32,  34,  or  36  bp 
(41).  Thus,  when  the  ER  bound  to  the  ERE  and  induced 
DNA  bending,  the  intrinsic  and  ER-induced  DNA 
bends  would  either  be  in  phase  and  form  a  larger  DNA 
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bend  or  be  out  of  phase  and  have  the  effect  of 
straightening  the  DNA  fragment.  When  wild  type  and 
mutant  ERs  were  incubated  with  DNA  fragments  con¬ 
taining  26  or  36  bp  between  the  intrinsic  and  ER- 
induced  DNA  bends,  there  was  an  increase  in  the 
mobilities  of  the  receptor-DNA  complexes  through  the 
acrylamide  gel,  indicating  that  the  ER-induced  and 
intrinsic  DNA  bends  were  in  phase.  When  the  wild  type 
and  mutant  ERs  were  incubated  with  DNA  fragments 
containing  32  bp  between  the  intrinsic  and  ER-in¬ 
duced  DNA  bends,  there  was  an  increase  in  the  mo¬ 
bilities  of  the  receptor-DNA  complexes  indicating  that 
the  ER  induced  and  intrinsic  DNA  bends  were  out  of 
phase.  Because  the  intrinsic  and  ER-induced  DNA 
bends  were  on  the  same  side  of  the  DNA  helix  when 
they  were  out  of  phase  (assuming  1 0.5  bp/helical  turn), 
these  findings  demonstrate  that  the  ER-induced  DNA 
bend  opposes  the  intrinsic  DNA  bend,  which  is  di¬ 
rected  toward  the  minor  groove  of  the  DNA  helix  (42). 
Therefore,  the  unoccupied  and  estrogen-occupied 
wild  type  and  mutant  ERs  induced  DNA  bends  that 
were  directed  toward  the  major  groove  of  the  DNA 
helix.  The  magnitudes  of  the  ER-induced  DNA  bends 
were  determined  from  replicate  phasing  analysis  ex¬ 
periments  (see  Materials  and  Methods)  and  are  sum¬ 
marized  in  Table  1.  The  unoccupied  wild  type  ER 
induced  a  DNA  bend  of  15.6°,  the  largest  bending 
angle  measured.  In  contrast,  the  estrogen-occupied 
wild  type  ER  induced  a  much  smaller  bend  of  7.3°. 
Interestingly,  the  three  mutant  receptors,  Y537S, 
Y537A,  and  E380Q,  which  are  active  in  the  presence 
and  in  the  absence  of  hormone,  had  statistically  similar 
directed  DNA-bending  angles  of  approximately  7.5°- 
9°,  in  the  absence  or  presence  of  hormone.  Thus,  the 
mutant  receptors  induced  directed  bending  angles 
that  were  similar  in  magnitude  to  the  bend  induced  by 
the  estrogen-occupied  ER.  These  findings  are  in  good 
agreement  with  previous  studies  carried  out  with  es¬ 
trogen-occupied  wild  type  and  mutant  ERs  that  had 
been  expressed  in  COS  cells  (43)  and  support  the  idea 
that  transcriptionally  active  wild  type  and  mutant  ERs 
induce  directed  bending  angles  of  similar  magnitude. 


Table  1.  Directed  DNA  Bending  Angles  Induced  by  Wild 
Type  and  Mutant  ERs 

Receptor 

Directed  Bending 
Angle  (aB) 

(for  unoccupied 
receptor) 

Directed  Bending 
Angle  {aB) 

(for  E2-occupied 
receptor) 

Wild  type  ER 

15.6  ±2.7(5) 

7.3  ±  1.6(4) 

Y537S  ER 

8.0  ±  0.8  (3) 

9.0  ±  0.7  (3) 

Y537A  ER 

8.3  ±  2.1  (3) 

9.2  ±  1.0  (7) 

E380Q  ER 

7.2  ±  0.4  (3) 

9.3  ±  0.5  (4) 

Directed  bend  angles  (aB)  induced  by  ER  binding  to  ERE- 
containing  DNA  phasing  fragments  observed  for  receptors 
translated  in  the  absence  (control)  or  presence  of  E2.  Values 
are  reported  as  the  mean  ±  sem.  The  number  of  independent 
determinations  is  indicated  in  parentheses. 


DISCUSSION 

Our  findings  show  that  the  active  state  of  the  ER  is 
characterized  by  several  features  including  functional 
and  conformational/structural  properties  that  are  dis¬ 
tinct  from  the  ones  observed  when  the  receptor  is  in  an 
inactive  state.  Interestingly,  some  of  these  features  are 
common  for  the  liganded  wild  type  receptor  and  for 
constitutively  active  receptors  in  the  absence  or  pres¬ 
ence  of  hormone,  suggesting  that  the  mechanisms 
underlying  their  biological  activity  are  similar. 

Figure  6  presents  a  model  summarizing  our  findings 
regarding  the  interaction  of  several  coregulators  and 
basal  transcription  factors  with  the  wild  type  and  con¬ 
stitutively  active  Y537S  ER  and  the  effects  of  E2  on 
these  interactions  and  on  DNA  bending  by  these  re¬ 
ceptors.  The  figure  emphasizes  that  occupancy  of  the 
wild  type  ER  by  E2  elicits  a  reduction  in  the  extent  of 
DNA  bending  and  an  increase  in  the  association  with 
coactivators.  The  Y537S  ER  associates  strongly  with 
some,  but  not  all,  coactivators  in  the  ligand-unoccu¬ 
pied  state,  and  it  exhibits  the  same  DNA  bend  angle  in 
its  ligand-free  or  E2-occupied  state  as  does  the  E2- 
occupied  wild  type  receptor. 

The  most  constitutively  active  ER  (Y537S)  had  E2- 
occupied  ER-like  character  in  all  assays  but  two,  and 
in  those  (association  with  TIF-1  and  ERAP-140)  it 
showed  some  wild  type-liganded  ER  character  (Table 
2).  The  partially  constitutively  active  receptors  showed 
liganded  ER  character  in  some  assays  but  not  others. 
Of  the  three  ER  coregulators  evaluated,  SRC-1  inter¬ 
action  correlated  best  with  the  degree  of  transcrip¬ 
tional  activity  displayed  by  the  mutant  ERs. 


Fig.  6.  Model  Summarizing  Our  Findings  Regarding  the  In¬ 
teraction  of  Several  Coregulators  and  Basal  Transcription 
Factors  with  the  Wild  Type  and  Constitutively  Active  Y537S 
ER  and  the  Effects  of  E2  on  These  Interactions  and  on  DNA 
Bending  by  These  Receptors 
The  figure  emphasizes  that  occupancy  of  the  wild  type  ER 
by  E2  elicits  a  reduction  in  the  extent  of  DNA  bending  and  an 
increase  in  the  association  with  coactivators.  The  Y537S  ER 
associates  strongly  with  some  but  not  all  coactivators  in  the 
ligand-unoccupied  state,  and  it  exhibits  the  same  DNA  bend 
angle  in  its  ligand-free  or  E2-occupied  state  as  does  the 
E2-occupied  wild  type  receptor. 
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Table  2.  Parameters  Assessing  the  Transcriptionally  Active  State  of  Wild  Type  and  Constitutively  Active  Mutant  ERs 


Coactivators 

Transcription  - 

Receptor  SRC1  TIF1  ERAP140 


Basal  Factors 
TBP  TFIIB 


Protease 

Digestion 

Pattern 


DNA  Bend 


Angle 


-e2 

+e2 

-e2 

CM 

LLI 

+ 

-E2 

+e2 

-e2 

+e2 

-e2 

+e2 

-e2 

+e2 

-e2 

+e2 

-e2 

+e2 

Wild  type 

— 

w 

— 

0 

— 

0 
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0 

O 

@ 

o 
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0 

o 

• 

Y537S 

O 

0 

O 

0 

o 

0 

0 

0 

o 

0 

o 

0 

o 

0 

O 

0 

Y537A 

o 

0 

o 

0 

0 

0 

o 

0 

o 

0 

o 

0 

o 

0 

o 

0 

E380Q 

o 

0 

o 

0 

o 

0 

— 

0 

o 

0 

o 

0 

o 

0 

o 

0 

a  Open  dries  indicate  ligand-unoccupied  receptor.  Shaded  c/rc/es  indicate  estrogen  (E2)-occupied  receptor.  Size  of  the  circle, 
whether  open  or  shaded,  denotes  magnitude  of  response,  the  larger  the  circle  the  greater  the  response.  Shaded  large  drdes 
represent  the  magnitude  of  the  response  obtained  with  the  E2-occupied  wild  type  ER. 


Of  the  various  endpoints  assessed,  DNA  bending 
was  the  most  sensitive  to  the  constitutively  active 
character  of  the  receptor  (see  Table  2).  The  receptor 
proteolytic  digestion  pattern  and  receptor  coregulator 
association  profiles  only  appear  to  clearly  indicate  the 
“active”  character  of  the  most  constitutively  active 
mutant  ER  Y537S;  the  other  two  receptors  showed 
subtle  differences  in  these  assays  consistent  with 
some  change  toward  the  active  state  observed  with 
the  E2-liganded  wild  type  ER,  but  overall  the  E380Q 
and  Y537A  receptors  resembled  wild  type  ER.  Al¬ 
though  DNA  bending  did  not  distinguish  between  par¬ 
tially  and  fully  constitutively  active  receptors,  it  ap¬ 
pears  to  be  very  sensitive  to  the  propensity  of  the 
receptor  to  be  in  the  active  conformation.  By  contrast, 
the  protease  digestion  pattern  differences  may  require 
that  receptor  be  very  strongly  in  the  active  conforma¬ 
tion,  as  the  hormone-occupied  wild  type-like  ER  pat¬ 
tern  was  only  observed  with  the  most  constitutively 
active  ER,  Y537S.  The  fact  that  both  partially  active 
and  fully  constitutively  active  receptors  gave  the  same 
directed  DNA-bending  angle  suggests  that  the  DNA 
may  form  a  scaffold  for  the  accumulation  of  other 
protein  factors  and  coregulators  important  in  deter¬ 
mining  receptor  transcriptional  activity,  with  DNA 
bending  being  the  first  of  several  important  steps  lead¬ 
ing  to  full  receptor  transcriptional  effectiveness.  Inter¬ 
action  of  the  ER  with  basal  factors  did  not  require 
ligand,  and  it  is  therefore  not  surprising  that  interaction 
with  TFIIB  and  TBP  does  not  discriminate  wild  type 
from  constitutively  active  ERs. 

The  wild  type  ER  was  able  to  interact  with  the  three 
coactivators  tested  (ERAP140,  TIF-1,  and  SRC-1)  in 
the  presence  of  E2,  but  not  in  the  presence  of  anties¬ 
trogens  such  as  TOT.  The  strongest  interaction  was 
observed  with  SRC-1  and  TIF-1  and  to  a  lesser  extent 
with  ERAP140.  In  the  presence  of  E2,  the  three  con¬ 
stitutive  mutants  displayed  the  same  ability  to  interact 
with  these  coactivators  as  the  wild  type  ER.  However, 
in  the  the  absence  of  E2,  these  mutants  exhibited 
different  abilities  to  interact  with  the  coactivators.  In¬ 
deed,  the  Y537S  mutant  was  able  to  interact  with 
SRC-1  in  the  absence  of  E2  to  the  same  extent  as  the 
wild  type  receptor  in  the  presence  of  E2.  Moreover, 
this  interaction  was  not  enhanced  by  addition  of  E2. 


With  the  two  other  coactivators,  the  interaction  with 
Y537S  ER  was  still  markedly  enhanced  by  (TIF-1),  or 
dependent  on,  ligand  (ERAP  140).  Concerning  E380Q 
and  Y537A  mutants,  they  showed  basically  a  common 
pattern  of  interaction  with  the  coactivators:  no  inter¬ 
action  in  the  absence  of  E2  with  ERAP140  or  TIF-1  and 
only  a  weak  interaction  with  SRC-1  in  the  absence  of 
ligand.  Our  observations  suggest  that  SRC-1,  TIF-1, 
and  ERAP-140  play  somewhat  different  roles  in  ER 
activity  and  may  be  involved  to  different  degrees  in  the 
process  of  receptor-regulated  transcription.  That  the 
activity  of  the  mutants  correlated  well  with  binding  to 
SRC-1  implies  that  SRC-1  is  likely  a  functional  medi¬ 
ator  of  ER  transcriptional  activity.  The  interaction  of 
the  three  mutant  receptors  with  coactivator  in  the  ab¬ 
sence  of  ligand  was  abolished  by  addition  of  trans- 
hydroxytamoxifen,  suggesting  that  antiestrogen  in¬ 
duces  a  different  conformation  of  the  receptor  that  is 
not  compatible  with  the  interaction  with  coactivator. 
Our  data  are  in  agreement  with  the  model  proposed  by 
Chen  and  Evans  (13),  i.e.  that  the  receptor  bound  to 
DNA  could  be  in  three  states:  in  the  absence  of  hor¬ 
mone,  the  receptor  is  inactive  (or  might  be  repressive 
as  in  the  case  of  TR  and  RAR,  which  interact  with 
corepressors).  Once  the  ligand  is  added,  the  receptor 
is  in  an  intermediary  state,  and  basal  transcription  can 
take  place.  And  finally,  the  liganded  receptor  is  able  to 
interact  with  coactivators,  which  would  be  a  link  with 
the  PIC,  and  to  activate  strongly  the  transcription 
process. 

The  mechanism  by  which  the  nuclear  receptors  ac¬ 
tivate  transcription  remains  unclear,  but  it  is  proposed 
that  the  receptors  could  stimulate  PIC  formation  either 
by  recruiting  the  different  members  of  the  PIC  or  by 
positioning  a  preformed  PIC  on  the  DNA.  The  PIC 
consists  of  at  least  seven  basal  transcription  factors, 
namely  TFIIA,  TFIIB,  TFIID  [comprised  of  the  TBP  in¬ 
teracting  with  TBP-associated  factors,  TFIIE,  TFIIF, 
TFIIH,  and  TFIIJ  (for  review,  see  Ref.  44)].  A  number  of 
transcription  factors,  including  nuclear  receptors  and, 
in  particular,  the  ER,  have  been  shown  to  interact  in 
vitro  with  TFIID  (45-48)  or  TFIIB  (49-53).  We  have  now 
investigated  the  interaction  of  the  wild  type  and  mu¬ 
tant  ERs  with  members  of  the  PIC.  Basically,  all  the 
ERs  tested,  whether  wild  type  or  constitutively  active, 


Estrogen  Receptor  Activation 


1383 


interacted  with  TBP  and  TFIIB  in  the  absence  or  pres¬ 
ence  of  hormone.  However,  of  note  was  the  fact  that 
TBP  interaction,  which  was  substantial  in  the  absence 
of  estrogen  but  was  enhanced  by  E2  in  the  case  of  wild 
type  receptor,  was  not  increased  by  E2  for  mutant 
receptors.  These  data  suggest  that  the  ability  of  a 
receptor  to  interact  with  the  PIC  is  not  a  specific  fea¬ 
ture  of  activated  receptors.  However,  it  is  possible  that 
the  interaction  of  inactive  receptors  (i.e.  unoccupied 
wild  type  ER)  with  the  PIC  could  be  nonproductive. 
The  transformation  of  the  receptor  into  an  active  state 
would  then  not  lead  to  an  increase  of  the  interactions 
but  rather  to  a  modification  of  the  nature  of  these 
interactions. 

To  further  investigate  the  conformational  changes 
that  could  arise  from  treatment  with  estrogen,  we  per¬ 
formed  limited  proteolytic  digestion  experiments.  Us¬ 
ing  the  wild  type  receptor,  we  present  evidence  that 
the  conformation  of  the  receptor  in  the  absence  and  in 
the  presence  of  E2  are  different,  which  is  in  agreement 
with  previous  work  (30,  54).  Indeed,  in  the  absence  of 
ligand,  the  receptor  was  highly  sensitive  to  trypsin  and 
gives  a  proteolytic  digestion  pattern  in  which,  for  high 
concentrations  of  trypsin,  two  stable  bands  (—25  and 
28  kDa)  of  approximately  equal  intensity  appeared. 
Treatment  with  E2  stabilized  strongly  the  upper,  28- 
kDa  band.  The  transformation  of  the  receptor  into  a 
distinct,  active  conformation  upon  hormone  exposure 
has  been  reported  not  only  for  ER  but  also  for  proges¬ 
terone  receptor  and  RAR/RXR  (30,  31),  suggesting 
that  this  is  a  phenomenon  common  to  the  ligand- 
activatable  nuclear  receptors.  Of  note,  the  fully  con¬ 
stitutive^  active  Y537S  ER  exhibited  a  proteolytic  di¬ 
gestion  pattern  in  the  absence  of  E2,  which  was  very 
similar  to  the  pattern  of  the  active  wild  type  estrogen- 
occupied  ER,  suggesting  that  this  mutant  receptor 
was  in  the  conformationally  active  state. 

If  the  receptor  can  undergo  conformational  changes 
after  activation,  it  is  possible  that  these  changes  could 
modify  the  nature  of  its  interactions  with  DNA.  It  has 
been  reported  by  several  groups  that  the  binding  of 
transcription  factors  to  DNA  can  induce  bending  of 
DNA  (34-36,  41,  43,  55-57).  A  change  in  the  bending 
state  of  the  DNA  could  reflect  a  difference  in  the  ability 
of  the  receptor  to  activate  transcription.  Our  results 
show  that  the  unliganded  wild  type  receptor  induced  a 
larger  bend  (-16°)  and  that  the  E2-occupied  wild  type 
receptor  induced  a  dramatically  smaller  DNA  bend 
(—  7°).  Of  particular  interest  is  the  fact  that  the  three 
consitutively  active  unoccupied  and  estrogen-occu¬ 
pied  ER  mutants  induced  DNA  bends  that  were  similar 
to  the  bending  angle  induced  by  the  E2-occupied  wild 
type  receptor.  This  smaller  DNA  bend  would  be  a 
characteristic  of  the  active  state.  We  propose  that  the 
distinct  conformations  induced  by  active  and  inactive 
receptors  could  be  interpreted  as  activating  and  si¬ 
lencing  signals.  We  should  emphasize  that  the  differ¬ 
ence  in  DNA  bending  observed  for  the  active  and 
inactive  wild  type  ER  could  be  obtained  using  a  totally 


cell-free  system,  suggesting  that  cell  context  is  not  a 
factor  in  the  effect  of  receptor  on  DNA  bending. 

Altogether,  the  data  from  studies  with  these  consti- 
tutively  active  ERs  provide  evidence  that  the  transfor¬ 
mation  of  receptor  into  an  active  state  involves  a  com¬ 
plex  set  of  events  that  include  conformational  changes 
as  well  as  distinct  alterations  in  the  ability  of  the  re¬ 
ceptor  to  interact  with  coregulator  proteins  and  with 
DNA.  Collectively,  these  changes  in  conformation  and 
interactions  “mark”  the  receptor  as  being  transcrip¬ 
tionally  productive. 


MATERIALS  AND  METHODS 


Chemicals 

E2  was  from  Sigma  (St.  Louis,  MO),  TOT  and  IC1 164,384  were 
kindly  provided  by  Dr.  Alan  Wakeling  (Zeneca  Pharmaceuti¬ 
cals,  Macclesfield,  U.K.).  [35S]Methionine  was  from  ICN 
(Costa  Mesa,  CA). 

Plasmid  Construction 

The  plasmid  encoding  SRC-1  (26)  was  kindly  provided  by 
Drs.  Ming  Tsai  and  Bert  O’Malley.  The  plasmid  encoding 
TIF-1  (amino  acids  434-750)  (39)  was  a  gift  from  Dr.  Pierre 
Chambon.  The  plasmid  pGEX-2TK-ER,  which  contains  the 
human  ER  spanning  amino  acids  282-595,  and  the  plasmid 
encoding  ERAP140  (23)  were  kindly  provided  by  Dr.  Myles 
Brown.  The  two  expression  vectors  encoding  TBP  and  TFIIB 
were  kindly  provided  by  Dr.  Danny  Reinberg.  The  GST-ER 
mutant  plasmids  for  Y537A  and  Y537S  were  previously  de¬ 
scribed  (33).  PCR  was  used  to  generate  the  E380Q  ER  frag¬ 
ment  from  amino  acids  282  to  595  bearing  BamhU  and  EcoRI 
sites  and  cloned  into  PGEX-2TK. 


Production  of  GST  Fusion  Proteins 

Bacteria  expressing  GST  fusion  proteins  were  grown  at  37  C 
in  500  ml  of  LB  (Luria  Bertani)  broth  until  the  absorbance  (600 
nm)  reached  0.8.  Then  the  induction  was  performed  for  3  h  at 
30  C  with  1  mM  isopropyl  /3-D-thiogalactopyranoside  (IPTG). 
Cells  were  collected  by  centrifugation  at  4  C  at  3000  x  g  for 
1 5  min.  The  supernatant  was  discarded,  and  the  pellet  was 
rapidly  frozen  in  liquid  nitrogen  and  then  kept  for  1  h  at  -80 
C.  Frozen  pellets  were  then  thawed  on  ice  and  resuspended 
in  0.01  volume  of  NET  buffer  (20  mM  Tris,  pH  8.0/100  mM 
NaCI/1  mM  EDTA)  and  sonicated  twice  for  30  sec  at  maxi¬ 
mum  level.  The  suspension  was  centrifuged  for  10  min  at 
12,000  x  g,  and  the  supernatant  was  then  transferred  to 
other  tubes  and  centrifuged  at  105,000  x  g  (30  min,  4  C). 
Protein  concentration  was  estimated  by  the  Bradford 
method.  The  levels  of  expressed  fusion  proteins  were  deter¬ 
mined  by  in  vitro  binding  assays  followed  by  Western  analysis 
with  H222  monoclonal  antibody. 

In  Vitro  Translation  of  Receptor-Associated  Proteins 
and  Human  ER  Proteins 

In  vitro  translation  was  performed  using  the  TNT  Promega  kit 
(Promega,  Madison,  Wl).  Briefly,  1  ju,g  of  expression  vector 
was  mixed  with  25  /xl  TNT  rabbit  reticulocyte  lysate,  2  /xl  TNT 
buffer,  1  /xl  of  mix  containing  all  amino  acids  except  methi¬ 
onine,  1  /xl  RNAsin  (50  U//xl),  1  /xl  T3  RNA  polymerase  (20 
U//il),  and  4  /d  of  [35S]methionine  (1 5  /xCi//xl).  The  final  reac- 
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tion  volume  was  50  /xl.  The  reaction  was  performed  for  1 .5  h 
at  30  C.  The  translation  efficiency  was  checked  by  loading  1 
jal  of  lysate  on  an  SDS-PAGE  gel. 

For  gel  mobility  shift  assays,  the  translation  was  performed 
in  the  presence  of  control  vehicle  (0.1  %  ethanol)  or  1  jaM  E2 
as  above,  except  that  labeled  methionine  was  replaced  with 
unlabeled  methionine. 


in  Vitro  Binding  Assays  with  Glutathione  Sepharose 

Glutathione  Sepharose  (Pharmacia,  Piscataway,  NJ)  was 
equilibrated  with  IP  binding  buffer  (25  mM  Tris-HCI  (pH  7.9), 
10%  vol/vol  glycerol,  0.1%  NP-40,  0.5  mM  dithiothreitol,  100 
mM  KCI).  The  in  vitro  translated  products  were  first  precleared 
for  2  h  by  incubation  with  1 00  ja I  of  beads  and  300  jag  of  GST 
(which  does  not  contain  any  insert).  Crude  bacterial  extract 
(500  (i g)  containing  GST  fusion  proteins  was  incubated  at  4 
C  with  25  ijl I  of  beads  for  2.5  h  in  the  presence  of  vehicle 
(0.1  %  ethanol)  or  hormone  (E2  or  TOT,  at  1  /xm  concentration). 
After  three  washes,  the  beads  were  incubated  with  5  /xl  of  in 
vitro  translated  product  for  2.5  h  in  the  presence  of  vehicle  or 
hormone  at  4  C.  The  beads  were  washed  three  times  with  1 
ml  of  IP  buffer  and  two  times  with  1  ml  of  IP  buffer  containing 
300  mM  KCI.  After  washing,  beads  were  boiled  in  SDS  sample 
buffer,  and  a  quarter  of  the  proteins  were  run  on  SDS-PAGE. 
The  gel  was  fixed,  dried,  and  submitted  to  autoradiography. 

Protease  Digestion  Assays 

Bluescript  vector  (Stratagene,  La  Jolla,  Ca)  was  used  for 
insertion  of  cDNA  sequences  of  wild  type  ER,  E380Q,  Y537A, 
and  Y537S  ER  mutants.  Aliquots  of  in  vitro  translated,  [35S]- 
labeled  proteins  (25  jal)  were  treated  with  control  (0.1  %  EtOH) 
vehicle  or  ligand  at  a  final  concentration  of  9  X  10-6  m  for  20 
min  at  room  temperature.  Aliquots  (5  jal)  of  the  ligand-treated 
receptor  were  incubated  without  trypsin  or  with  trypsin  to  a 
final  concentration  of  1.5,  5,  15,  or  25  jag/ml  (Worthington 
Biochemicals,  Freehold,  NJ)  After  a  10-min  incubation  at 
room  temperature,  the  digestion  was  stopped  with  20  jal  of 
Laemmli  buffer,  and  the  samples  were  boiled  for  5  min  and 
then  separated  on  a  12%  SDS-PAGE  gel.  The  radiolabeled 
products  were  visualized  by  autoradiography. 

DNA-Bending  Gel  Mobility  Shift  Assays 

The  ERE-containing  DNA-phasing  vectors,  ERE  26,  ERE  28, 
ERE  30,  ERE  32,  ERE  34,  and  ERE  36  (41 ),  were  digested  with 
EcoRI  and  H/ndlll,  isolated  on  an  acrylamide  gel,  and  elec- 
troeluted.  The  281-  to  291 -bp  DNA  fragments  containing  the 
intrinsic  DNA  bend  and  the  ERE  were  filled  in  with  Klenow  in 
the  presence  of  [32P]dATP  and  [32P]dGTP  and  then  purified 
using  a  G-25  Sephadex  Quick  Spin  column  (Boehringer 
Mannheim,  Indianapolis,  IN).  Gel  mobility  shift  assays  were 
carried  out  as  previously  described  (55)  with  minor  modifica¬ 
tions.  Briefly,  10,000  cpm  of  the  32P-labeled  DNA  phasing 
fragment  was  combined  with  4  /xl  (188  jag  total  protein) 
reticulocyte  lysate-expressed  wild  type  or  mutant  ER  and  1 
jag  poly(deoxyinosinic-deoxycytidylic)acid  (Sigma)  in  a  buffer 
containing  10%  glycerol,  50  mM  KCI,  15  mM  Tris,  pH  7.9,  0.2 
mM  EDTA,  and  0.4  mM  dithiothreitol  (20  jal  final  volume)  for  15 
min  at  room  temperature.  Low  ionic  strength  gels  and  buffers 
were  prepared  as  described  (58).  Twenty-centimeter  gels 
were  prerun  for  1  h  at  300  V.  Samples  were  fractionated  for 
3  h  on  an  8%  (75:1  acrylamide  to  bis-acrylamide  ratio)  poly¬ 
acrylamide  gel.  Water  recirculation  was  used  to  maintain  the 
gels  at  4  C.  Radioactive  bands  were  visualized  by  autora¬ 
diography.  The  relative  mobilities  of  the  ER-DNA  complexes 
and  free  probes  were  quantitated  with  a  Molecular  Dynamics 
Phosphorlmager  and  Imagequant  software  (Molecular  Dy¬ 
namics,  Sunnyvale,  CA).  The  magnitudes  of  the  receptor- 
induced  directed  DNA  bending  angles  (aB)  were  determined 


for  the  wild  type  and  mutant  ERs  using  the  empirical  formula 
(59): 

Aph/2 

tan  (kaB/2)=: — j, — ywz 
v  b  '  tan  (kac/2) 

where  ac  is  the  intrinsic  DNA  bending  angle,  APH  is  the 
phasing  amplitude,  and  k  is  a  coefficient  used  to  adjust  for 
electrophoretic  conditions.  A  value  of  k  =  0.991  was  deter¬ 
mined  by  comparing  the  relative  mobility  of  five  sets  of  DNA- 
bending  standards  with  their  known  bending  angles  (60). 
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Estrogen  receptor-a  contains  two  transactivation 
functions,  a  weak  constitutive  activation  function 
(AF-1)  and  a  hormone-dependent  activation  func¬ 
tion  (AF-2).  AF-2  works  by  recruiting  a  large  coac¬ 
tivator  complex,  composed  of  one  or  more  pi  60s, 
CREB-binding  protein  (CBP)/p300,  and  P/CAF 
(p300  and  CBP-associated  factor),  via  direct  con¬ 
tacts  with  the  pi  60s.  We  report  here  that  indepen¬ 
dent  AF-1  activity  also  requires  p160  contacts.  Un¬ 
like  AF-2,  which  binds  signature  NR  boxes  in  the 
center  of  the  pi  60  molecule,  AF-1  binds  to  se¬ 
quences  near  the  pi  60  C  terminus.  We  propose 
that  the  ability  of  AF-1  and  AF-2  to  interact  with 
separate  surfaces  of  the  same  coactivator  is  im¬ 
portant  for  the  ability  of  these  transactivation  func¬ 
tions  to  synergize.  (Molecular  Endocrinology  12: 
1605-1618,  1998) 


INTRODUCTION 

Estrogen  signal  transduction  is  mediated  by  two  re¬ 
ceptors,  a  (hereafter  ER)  and  j3  (ER/3)  (1-3).  Both  es¬ 
trogen  receptors  (ERs)  are  members  of  the  nuclear 
receptor  family  of  conditional  transcription  factors  (4, 
5).  In  the  absence  of  estrogen,  the  ERs  are  held  in  the 
nucleus  in  a  complex  with  molecular  chaperonins, 
such  as  HSP90.  Upon  estrogen  binding,  the  receptors 
dissociate  from  the  heat  shock  protein  (HSP)  complex 
and  bind,  as  homodimers  or  heterodimers  (6,  7),  to  a 
specific  estrogen  response  element  (ERE).  From  this 
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location  on  DNA,  the  receptor  enhances  transcription 
from  the  nearby  promoter. 

Transactivation  is  best  understood  within  the  con¬ 
text  of  the  a-receptor.  It  is  mediated  by  two  activation 
functions,  a  weak  constitutive  activation  function, 
AF-1,  that  lies  within  the  ER  N-terminai  (AB)  domain 
and  a  stronger  estrogen-dependent  activation  func¬ 
tion,  AF-2,  that  lies  within  the  ER  ligand-binding  do¬ 
main  (LBD)  (8-14).  Together,  AF-1  and  AF-2  synergize 
strongly  to  give  the  final  overall  level  of  estrogen  ac¬ 
tivation.  The  ER  transactivation  functions  are  believed 
to  work  by  binding  coactivators  and  bringing  them  to 
the  promoter  (15-18).  The  AF-2  surface  consists  of  a 
cluster  of  residues  from  helices  3,  5,  and  12  (13,  19), 
that  form  a  hydrophobic  patch  on  the  surface  of  the 
liganded  LBD  (19a).  This  hydrophobic  patch  binds  a 
family  of  related  proteins  called  the  pi  60s,  which  in¬ 
clude  GRIP1/TIF2  (20-22),  SRC-1  (23),  and  RAC3/p/ 
CIP/ACTR/AIB1  (24-27).  In  each  case,  AF-2  recog¬ 
nizes  a  specific  signature  motif  (LXXLL),  termed  the 
NR  box,  that  is  found  repeated  throughout  the  pi  60s 
(22,  25,  28-30),  and  also  within  proteins  that  act  as 
AF-2  repressors,  such  as  RIP140  (28,  31)  and  TIF1 
(32).  GRIP1 ,  for  example,  and  its  human  homolog  TIF2, 
contain  three  separate  NR  boxes  (I,  II,  and  III,  respec¬ 
tively),  of  which  NR  boxes  II  and  IN  are  the  most 
important  for  ER  binding  (22,  29).  The  pi  60s,  in  turn, 
interact  with  other  coactivator  proteins,  including 
CREB-binding  protein  (CBP)/p300  (22,  25,  33,  34)  and 
p300  and  CBP-associated  factor  (P/CAF)  (26,  35,  36). 
Together,  this  large  coactivator  complex,  whose  sub¬ 
units  possess  both  histone  acetyl-transferase  activity 
(26,  35,  37-39)  and  the  capacity  to  bind  the  basal 
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transcription  machinery  (40,  41),  is  responsible  for  the 
ability  of  AF-2  to  stimulate  gene  expression. 

ER-AF-1,  by  contrast,  is  poorly  understood.  AF-1 
usually  displays  little  independent  activity  and  serves 
only  to  synergize  with  AF-2  (10,  12,  14).  For  unknown 
reasons,  however,  AF-1  can  also  show  strong  inde¬ 
pendent  activity  in  some  cell  types  and  on  some  pro¬ 
moters  (12).  Residues  that  are  important  for  AF-1  ac¬ 
tivity  are  dispersed  throughout  a  large  region  of  the  AB 
domain  between  amino  acid  41  and  amino  acids  120- 
150,  depending  upon  the  cell  type  (13,  42,  43).  Within 
this  region,  motifs  that  contribute  to  AF-1  -independent 
activity  (amino  acids  41-64,  hereafter  Box  1)  and  syn¬ 
ergism  with  the  LBD  (amino  acids  87-108,  hereafter 
Box  2)  have  been  identified  (44).  AF-1  is  also  strong 
under  conditions  of  mitogen-activated  protein  (MAP) 
kinase  pathway  stimulation  (45-48).  Several  serine 
residues  (SI  04,  SI  06,  S1 18)  that  are  phosphorylated 
by  MAP  kinases,  or  cyclin-dependent  kinases  (49),  have 
been  identified,  with  the  latter  accounting  for  more  than 
90%  of  total  ER  phosphorylation  (45, 46,  50).  Each  phos¬ 
phorylated  serine  contributes  to  overall  AF-1  activity  (45, 
46).  Despite  all  this  information,  the  AF-1  protein  target  or 
targets  remain  unknown.  Furthermore,  the  reasons  why 
AF-1  synergizes  with  AF-2  in  some  contexts,  yet  works 
independently  in  others,  are  also  unknown. 

While  the  exact  nature  of  the  prospective  AF-1  co¬ 
activator  complex  is  poorly  defined,  several  lines  of 
evidence  suggest  that  it  shares  features  with  the  AF-2 
coactivator  complex.  First,  AF-1  can  mask  weak  mu¬ 
tations  in  AF-2,  suggesting  that  AF-1  can  compensate 
for  reduced  pi 60  recruitment  (13).  Second,  AF-1  and 
AF-2  squelch  each  others  activity,  suggesting  that 
they  compete  for  common  limiting  target  molecules 
(51).  Third,  the  transcriptional  activity  of  isolated  AF-1 
can  be  enhanced  by  introducing  the  free  ER-LBD  into 
the  same  cells  (52).  This  activity  requires  that  the  LBD 
be  liganded  to  estrogen  and  possesses  an  intact  AF-2 
surface.  Furthermore,  enhancement  of  AF-1  activity  by 
the  free  LBD  is  potentiated  by  exogenous  SRC-1  (53). 
Thus,  the  free  LBD  utilizes  the  AF-2  surface  and  pi  60 
contacts  to  participate  in  the  AF-1  coactivator  complex. 

In  this  paper,  we  ask  whether  AF-1  and  AF-2  might 
indeed  bind  a  similar  complement  of  coactivator  pro¬ 
teins.  We  find  that  overexpression  of  pi  60  proteins, 
especially  GRIP1,  increases  the  transcriptional  activity 
of  AF-1.  Furthermore,  AF-1  interacts  with  sequences 
near  the  GRIP1  C  terminus,  and  this  region  is  needed 
for  the  ability  of  GRIP1  to  potentiate  AF-1.  We  propose 
that  pi  60s  are  a  direct  target  for  both  AF-1  and  AF-2. 


RESULTS 

GRIP1  Stimulates  AF-1 

To  test  whether  AF-1  and  AF-2  might  utilize  similar 
coactivators,  we  first  examined  whether  GRIP1  would 
stimulate  AF-1  activity.  We  transfected  an  ERE- 
dependent  reporter  [ERE-coll-CAT(choramphenicol 


acetyltransferase)]  into  HeLa  cells  along  with  expres¬ 
sion  vectors  for  ER  and  GRIP1.  We  then  determined 
the  transcriptional  activity  of  the  promoter  in  cells 
treated  with  either  ethanolic  vehicle,  estrogen,  or  the 
antiestrogen  tamoxifen,  which  is  a  drug  that  inhibits 
AF-2  (54)  but  allows  full  AF-1  activity  (12). 

In  the  absence  of  exogenous  GRIP1,  wild-type  ER 
elicited  a  strong  estrogen  response,  but  no  tamoxifen 
response,  from  the  ERE-coll-CAT  promoter  (Fig.  1A). 
This  is  consistent  with  previous  observations  that  show 
that  AF-1  has  little  independent  activity  at  classical  EREs 
in  Hela  cells  (10,  12,  55).  In  the  presence  of  exogenous 
GRIP1 ,  ER  gave  enhanced  estrogen  response  but  also 
gave  significant  activity  both  in  the  presence  of  tamox¬ 
ifen  and  absence  of  ligand.  The  ability  of  GRIP1  to  en¬ 
hance  the  activity  of  tamoxifen-liganded  ER  was  more 
clearly  seen  when  we  used  an  ER  variant  (ER-V400).  This 
ER  variant  binds  more  tightly  to  the  HSP  complex  than  its 
wild-type  counterpart  and  therefore  lacks  most  of  the 
spontaneous  ligand-independent  activity  that  ER  usually 
displays  in  tissue  culture  (56,  57).  Here,  GRIP1  potenti¬ 
ated  the  estrogen  response  of  ER-V400  and  also  elicited 
a  large  increase  in  tamoxifen  response  without  the  cor¬ 
responding  increase  in  basal  activity.  The  tamoxifen  re¬ 
sponse  of  ER-V400  was  dependent  upon  the  amounts  of 
transfected  GRIP1  and  approached  40%  of  overall  es¬ 
trogen  response  at  high  amounts  of  GRIP1  (Fig.  IB). 
Several  alternate  ERE-responsive  promoters  also 
showed  enhanced  tamoxifen  response  in  the  presence 
of  GRIP1  (Fig.  1C).  We  conclude  that  GRIP1  enhances 
the  transcriptional  activity  of  tamoxifen  and  estrogen- 
liganded  ER. 

We  then  confirmed  that  the  effect  of  GR1P1  on  ta¬ 
moxifen-liganded  ER  was  mediated  by  AF-1  (Fig.  ID). 
We  asked  whether  GRIP1  would  enhance  the  activity 
of  mouse  ERs  (mORs)  with  either  a  truncation  of  the 
AB  domain  that  eliminates  AF-1  (mORAAF-1),  a  dou¬ 
ble-point  mutation  that  eliminates  AF-2  (mORmAF-2), 
or  both  (mORAAF-1  /mAF-2)  (13).  In  the  absence  of 
exogenous  GRIP1,  wild-type  mOR  elicited  a  strong 
estrogen  response  from  the  ERE-coll-CAT  promoter. 
This  response  was  reduced  50%  by  the  AF-1  deletion 
and  eliminated  by  the  AF-2  mutation,  consistent  with 
the  idea  that  estrogen  response  in  the  absence  of 
GRIP1  predominantly  reflects  AF-2  activity.  In  the 
presence  of  GRIP1,  wild-type  mOR  gave  enhanced 
estrogen  response  and  significant  activity  both  in  the 
presence  of  tamoxifen  and  absence  of  ligand,  just  as 
did  the  human  ER.  The  AF-1  deletion  (mORAAF-1) 
retained  strong  activity  in  the  presence  of  estrogen 
and  absence  of  ligand,  but  showed  no  activity  in  the 
presence  of  tamoxifen.  In  contrast,  the  AF-2  mutant 
(mORmAF-2)  gave  strong  tamoxifen  and  estrogen  re¬ 
sponses,  but  gave  no  activity  in  the  absence  of  ligand. 
The  double  mutant  (mORAAF-1  /mAF-2)  showed  no 
activity  under  any  conditions.  Thus,  the  spontaneous 
ligand-independent  activity  that  is  obtained  in  the 
presence  of  exogenous  GRIP1  requires  AF-2,  and  not 
AF-1 .  We  speculate  that  this  AF-2  dependent,  ligand- 
independent,  activity  reflects  stabilization  of  an  ER- 
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Fig.  1.  GRIP1  Potentiates  Tamoxifen  Response 

A.  The  effect  of  estrogen  and  tamoxifen  upon  expression  of  a  transiently  transfected  ERE-coll-CAT  reporter  gene  was  examined 
in  eLa  cells  in  the  presence  or  absence  of  GRIP1.  Where  indicated,  we  also  included  empty  expression  vector  SG5  (none)  or 
ER  expression  vectors  SG5-ER  or  SG5-ERV400.  The  transfected  cells  were  treated  with  either  ethanolic  vehicle  0,  5  /im  tamoxifen 
(gray  bars)  or  10  nM  estradiol  (black  bars).  CAT  activities  represent  averages  from  triplicate  wells  from  a  representative 
orfm!!8,  Restive  activity  of  tamoxifen  vs.  estrogen  increases  as  a  function  of  GRIP1  levels.  Transfections  utilizing 
Th  5'E^V400  exPress,on  vector  were  performed  as  in  Fig.  1 A  in  the  presence  of  increasing  amounts  of  GRIP1  expression  vector. 
I  he  data  are  expressed  as  the  percentage  of  tamoxifen  response  relative  to  estrogen  response  (set  at  100%).  C,  GRIP1  enhances 
the  activity  of  tamoxifen-  and  estrogen-liganded  ER  at  a  variety  of  promoters.  The  experiment  was  performed  as  described  in  Fig 
1 A  using  a  variety  of  ER-responsive  reporters  (from  top  to  bottom ):  EREII-LUC  (GL45),  two  vitellogenin  EREs  upstream  of  the 
herpes  simplex  virus  TK  proximal  promoter  (-1 09/+45);  MTV-ERE-LUC,  the  MTV  long  terminal  repeat  region  (-1228/+268)  with 
a  single  palindromic  ERE  replacing  the  complex  multiple  hormone  response  element;  ERE-TATA-CAT,  a  single  ERE  19-mer 
upstream  of  the  collagenase  TATA  box  region  (-32/+8).  D,  Analysis  of  tamoxifen  action  on  ER  mutants.  Expression  vectors  for 
mouse  ERs  (mORs )  were  transfected  into  HeLa  cells  and  their  effect  on  ERE-coll-CAT  expression  was  determined  in  the  absence 
or  presence  of  GRIP1.  mORs  were  full  length,  contained  a  deletion  of  the  first  120  amino  acids  of  the  AB  domain  (mORAAF-1) 

Tth  (  ORAAf'v  AF^)6  alan'ne f°r  'eUCine  Substitution  at  P°sitions  543  and  344  in  LBD  activation  helix  12  (mORmAF-2),  or 


LBD  conformation  that  resembles  that  of  the  estrogen- 
liganded  receptor  by  exogenous  GRIP1.  We  also 
conclude  that  GRIP1  enhances  the  activity  of  the 
tamoxifen-liganded  ER  by  enhancing  the  activity  of 
AF-1  and  not  by  enhancing  the  activity  of  AF-2. 

pi  60s  and  pi  60- Associated  Proteins  Enhance 
AF-1  Activity 

We  next  asked  whether  other  coactivators  would 
also  enhance  AF-1  activity.  The  pi  60  protein  RAC3 
enhanced  both  estrogen  and  tamoxifen  response  at 


an  ERE,  and  SRC-1  a  showed  similar  but  weaker 
activity  (Fig.  2A).  This  weak  activity  of  SRC-1  a  is  consis¬ 
tent  with  previous  observations  that  show  that  this  co¬ 
activator  possesses  little  activity  in  HeLa  cells  (58),  per¬ 
haps  because  SRC-1  a  contains  an  inhibitory  function 
within  its  C-terminal  domain  (30).  The  AF-2  repressor 
RIP140  failed  to  enhance  tamoxifen  response.  Of  the 
p160-associated  proteins,  CBP  and  p300  enhanced  es¬ 
trogen  and  tamoxifen  induction,  especially  in  combina¬ 
tion  with  GRIP1  (Fig.  2B).  P/CAF  only  weakly  enhanced 
tamoxifen  activation  (data  not  shown). 
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Tethered  Protein: 


Fig.  2.  A  Survey  of  the  Effect  of  Coactivators  on  Tamoxifen  Response 
A,  Results  of  a  transfection  in  which  activity  of  ERE-coll-CAT  reporter  gene  was  monitored  as  above  (Fig.  1  A)  in  the  presence 
of  ER  expression  vector  SG5-ERV400  and  5  /xg  of  each  coactivator  expression  vectors.  B,  As  above,  using  expression  vectors 
for  GRIP1 ,  CBP,  or  p300.  C,  The  effect  of  transient  transfection  of  a  range  of  coactivators  upon  transcription  of  a  GAL4  responsive 
reporter  gene  (GK1)  was  determined  in  the  presence  of  GAL4-AB  or  GAL4-LBD  expression  vectors.  Individual  bars  represent 
luciferase  activities  determined  from  triplicate  wells.  In  the  case  of  the  GAL- LB D,  the  cells  were  treated  with  100  nw  estradiol 


We  then  examined  whether  the  same  coactivators 
would  enhance  the  activity  of  isolated  AF-1 .  We  trans¬ 
fected  an  expression  vector  for  a  GAL4  DNA-binding 
domain  (DBD)/ER-AB  domain  fusion  protein  (GAL4- 
AB)  into  HeLa  cells,  along  with  expression  vectors  for 
various  coactivators  (Fig.  2C).  in  accordance  with  their 
effects  on  tamoxifen-liganded  ER,  GRIP1,  RAC3,  and 
SRC-1  a  each  enhanced  AF-1  -dependent  transcription 
from  a  GAL4-responsive  reporter  gene.  CBP,  p300, 
and,  to  a  lesser  extent,  P/CAF  enhanced  the  transcrip¬ 
tional  activity  of  AF-1 .  As  expected,  each  of  the  coac¬ 
tivators  also  enhanced  the  estrogen-dependent  activ¬ 
ity  of  a  GAL4-LBD  fusion  protein.  Thus,  the  pi  60s  and 


p300/CBP,  and  perhaps  P/CAF,  are  involved  in  trans¬ 
activation  by  both  AF-1  and  AF-2. 

An  Extended  Region  of  AF-1  Is  Required  for 
GRIP1  Action 

We  next  examined  which  region  of  AF-1  was  needed 
for  GRIP1  action.  Three  subregions  of  the  AB  domain 
have  previously  been  implicated  in  AF-1  activity  (see 
Fig.  3).  Box  1  (amino  acids  41-64)  is  needed  for  ta¬ 
moxifen  activation  in  MDA-231  breast  cells  (44).  Box  2 
(amino  acids  87-108)  is  required  for  synergism  with 
AF-2  in  the  same  cell  type.  Sequences  surrounding  the 
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Fig.  3.  GRIP1  Action  on  AF-1  Requires  an  Extended  Region  of  the  AB  Domain 

parh  E“AB  ™utations  uP°n  ERE-dependent  transcription  in  HeLa  cells.  A  schematic  of  the  ER  AB  domain  showinq 

®  flnh  ‘ °f  9  re6hA  subre9'°ns.  box  1  (41-64),  box  2  87-108,  and  the  KTR  (108-129)  is  shown  above.  The  locations  of  box 
of  pprh  2t  ?  T 9ray' 1116  KTR  'S  boxed' and  the  major  Phosphorylation  site  Serine  1 18  is  marked  with  S  A  schematic 

SSlTSfi;  iTt  ERtS  C°mained  mUtati°nS  "  the  AB  d0main  <ami"°  acids  1-184  but  S 

an  intact  DBD  and  LBD.  We  tested  the  effect  of  mutations  upon  ER  action  on  ERE-coll-CAT,  as  described  in  Fiq  1A  in  the 

SvTtvCXrnr^  °  7^  ■  T  SSt  °f  WNd'type  ER  (fu" length)  at  1 00%  in  each  column  *  dataand  compa^  £ 
He  a  cell!  r  nT>beru(,nder  this  condition-  B-  of  phosphorylation  site  mutations  on  GRIP1  action. 

ere  transfected,  as  in  Fig.  2C,  with  a  GRIP1  expression  vector,  where  indicated,  and  GAL4-AB  expression  vectors 
aring  alanine  substitutions  at  each,  or  all  three,  phosphorylation  sites.  C,  Effect  of  a  VP16  substitution  on  GRIP1  action  Hela 
cells  were  transfected  with  expression  vectors  for  either  the  ER  AB-DBD  region  or  a  similar  vector  con  JningTvpTe  Transat 
a  ion  omain  inserted  at  amino  acid  65,  and  either  an  empty  expression  vector  or  an  expression  vector  for  GRIP1 . 


main  phosphorylated  serine  residue  at  position  118 
[kinase  target  region  (KTR),  amino  acids  108-129], 
also  contribute  to  AF-1  activity  (43).  To  test  whether 
these  subregions  were  needed  for  GRIP1  action,  we 
transfected  mutant  human  ERs  into  HeLa  cells  and 
assessed  their  ability  to  activate  ERE-dependent  tran¬ 
scription  in  the  presence  or  absence  of  GRIP1  (Fig. 
3A).  In  each  case,  the  ERs  contained  mutations  within 
the  AB  domain  (amino  acids  1-184),  but  retained  an 
intact  DBD  and  LBD.  For  simplicity,  we  compared  the 
activity  of  mutant  and  wild-type  ERs  in  the  absence  or 
presence  of  GRIP1  (see  Fig.  1A)  and  set  activity  of 
wild-type  ER  at  100%. 

We  were  able  to  confirm  previous  results  (43)  that 
showed  that  AF-1  activity  in  the  absence  of  GRIP1 
required  an  extended  region  of  the  AB  domain  (Fig.  3A, 
first  column).  Tamoxifen  response  in  the  presence  of 
GRIP1  also  required  an  extended  region  of  the  AB 
domain,  but  especially  sequences  in  and  around  box  1 
(Fig.  3A,  second  column).  ERs  lacking  sequences  up¬ 


stream  of  amino  acid  41  (n21,  n41)  showed  normal,  or 
enhanced,  tamoxifen  response,  but  an  ER  with  an 
N-terminal  deletion  that  eliminated  box  1  (n87)  showed 
markedly  reduced  tamoxifen  response.  ERs  lacking 
box  1  and  box  2  (n101,  n109),  or  all  three  subregions 
(nl  1 7),  gave  further  stepwise  reductions  in  tamoxifen 
response.  ERs  lacking  sequences  downstream  of 
amino  acid  129  (n50/141c;  A1 29-1 78)  showed  mod¬ 
estly  enhanced  tamoxifen  response,  but  ERs  with  fur¬ 
ther  C-terminal  deletions  that  eliminate  the  KTR 
(All 4-1 78),  or  both  the  KTR  and  box  2  (A93-178, 
A80-145),  again  showed  reduced  tamoxifen  activa¬ 
tion.  Finally,  an  ER  specifically  lacking  box  1  (A41-64) 
showed  markedly  reduced  tamoxifen  activation,  and 
an  ER  specifically  lacking  box  2  (A87-108)  showed  a 
more  modest  reduction  in  tamoxifen  activation.  Thus, 
GRIP1  action  requires  each  of  the  three  AF-1  subre¬ 
gions  and,  especially,  sequences  within  box  1 . 

We  then  specifically  addressed  the  role  of  the  AF-1 
phosphorylation  sites.  An  ER  with  an  alanine  substi- 
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tution  at  serine  118  (S118A)  actually  showed  en¬ 
hanced  tamoxifen  activation  in  the  presence  of  GRIP1 
(Fig.  3A).  Similarly,  introduction  of  alanine  residues  at 
each  MAP  kinase  target  serine  (SI  04,  SI  06,  S1 18) 
also  enhanced  GRIP1  activation  of  a  GAL4-AB  fusion 
protein  (Fig.  3B).  Thus,  GRIP1  action  at  AF-1  is  inde¬ 
pendent  of  the  phosphorylation  sites. 

Next,  we  compared  the  effect  of  GRIP1  on  the  ER 
AB-DBD  region  (AB-DBD),  which  only  contains  AF-1 , 
with  a  similar  ER  truncation  that  contained  an  in-  frame 
insertion  of  the  VP16  activation  function,  just  down¬ 
stream  of  box  1  (V281 C,  Fig.  3C)  (55, 59).  As  expected, 
GRIP1  enhanced  the  weak  AF-1  activity  that  was  ob¬ 
tained  with  the  AB-DBD  truncation.  In  contrast,  GRIP1 
had  no  effect  on  the  stronger  activity  that  was  ob¬ 
tained  with  the  VP16-ER  fusion  protein.  Thus,  insertion 
of  a  heterologous  transactivation  function  into  the  AB 
domain  abolishes  the  effect  of  GRIP1,  supporting  the 
notion  that  integrity  of  the  proximal  part  of  AF- 1  (box  1 ) 
is  essential  for  GRIP1  action.  Together,  our  results 
show  that  GRIP1  enhancement  of  AF-1  activity  re¬ 
quires  an  extended  region  of  the  AB  domain  and, 
especially,  sequences  in  and  around  box  1 . 

ER  AF-1  Binds  pi  60s 
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We  then  asked  whether  the  AB  domain  binds  pi  60s 
(Fig.  4A).  In  vitro  translated  GRIP1  and  SRC-1  a  bound 
to  both  the  AB  domain  and  the  ER-LBD  in  a  glutathi- 
one-S-transferase  (GST)  pull-down  assay.  Over  the 
course  of  this  study,  the  bacterially  expressed  AB 
domain  retained  about  5-20%  of  the  amounts  of 
GRIP1  and  SRC-1  a  that  were  retained  by  equimolar 
amounts  of  bacterially  expressed  LBD.  We  were  un¬ 
able  to  demonstrate  binding  of  the  AB  domain  to  CBP 
(data  not  shown).  We  conclude  that  the  AB  domain, 
like  the  LBD,  binds  pi  60s. 

To  examine  which  part  of  the  AB  domain  was 
needed  for  GRIP1  binding,  we  produced  a  series  of 
GST  fusion  proteins  containing  portions  of  the  AB 
domain  and  asked  whether  they  would  bind  in  vitro 
translated  GRIP1  (Fig.  4B).  An  AB  domain  fusion  pro¬ 
tein  with  an  N-terminal  deletion  to  amino  acid  37  (38- 
161)  bound  GRIP1,  but  AB  domains  with  larger  N- 
terminal  deletions  (55-161;  67-184;  82-161)  failed  to 
bind  GRIP1.  Two  AB  fusion  proteins  with  C-terminal 
deletions  (1-145;  1-116)  each  bound  GRIP1  effi¬ 
ciently.  Indeed,  the  latter  showed  enhanced  binding 
relative  to  the  native  AB  domain.  An  AB  fusion  protein 
with  a  further  deletion  (5-90)  retained  some,  albeit 
reduced,  GRIP1  binding,  but  two  portions  of  the  AB 
domain  that  overlap  sequences  5-90  (1-67  or  55-90) 
failed  to  bind  GRIP1.  Similar  results  were  obtained 
with  SRC-1  a  (data  not  shown).  Thus,  an  extended 
region  of  the  AB  domain  (amino  acids  38-116),  and 
especially  sequences  between  amino  acids  38-55  and 
upstream  of  amino  acid  90,  were  needed  to  bind 
pi  60s.  We  conclude  that  both  GRIP1  enhancement  of 
AF-1  activity  (Fig.  3A,  second  column),  and  GRIP1 
binding  (Fig.  4),  require  a  similar  region  of  the  AB 


Fig.  4.  The  Estrogen  Receptor  AB  Domain  Binds  pi  60s 
A,  The  AB  domain  binds  pi  60s.  Autoradiograms  of  labeled 
proteins  retained  on  beads  in  GST  pull-down  assays.  The 
binding  of  either  labeled  GRIP1  or  SRC-1  a  to  beads  coated 
with  GST,  GST-AB,  or  GST-LBD  fusions.  B,  Binding  of  GRIP1 
to  the  AB  domain.  A  diagram  of  the  AB  domain  is  shown 
above  with  positions  of  previously  described  AB  transactiva¬ 
tion  motifs,  box  1 ,  box  2,  and  the  KTR-containing  serine  118, 
marked.  The  extent  of  AB  sequences  implicated  in  GRIP1 
binding  is  marked  below  with  a  thick  black  line.  Below,  au¬ 
toradiography  of  labeled  GRIP1  retained  on  GST  beads  is 
presented.  Beads  are  coated  with  GST  fused  to  portions  of 
the  AB  domain  between  the  amino  acids  that  are  described. 


domain,  and,  especially,  sequences  in  and  around  box 
1 .  This  suggests  that  AF-1 ,  like  AF-2,  works  by  binding 
pi  60  proteins. 

AF-1  Binds  the  GRIP  C  Terminus 

We  next  asked  how  AF-1  recognized  GRIP1  (Fig.  5A). 
Competition  experiments  revealed  that  a  specific  pep¬ 
tide  that  was  homologous  to  GRIP1  NR  box  III  blocked 
GRIP1  binding  to  the  LBD  but  failed  to  block  GRIP1 
binding  to  the  AB  domain,  or  to  the  pi  60-binding 
region  of  CBP  (35)  (Fig.  5B).  Similar  results  were  also 
obtained  with  a  peptide  homologous  to  NR  box  II  (data 
not  shown),  or  when  SRC-1  a  was  substituted  for 
GRIP1  and  tested  with  either  peptide  (data  not  shown). 
Thus,  the  AB  domain  recognizes  a  region  of  GRIP1 
and  SRC-1  a  that  is  distinct  from  the  NR  boxes. 

To  localize  the  AB  binding  site  within  GRIP1,  we 
analyzed  binding  of  the  AB  domain  and  LBD  to  a 
series  of  GRIP1  truncations  (Fig.  5C).  The  AB  domain 
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Fig.  5.  The  ER-AB  Domain  Binds  to  the  GRIP1  C  Terminus 
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failed  to  bind  GRIP1  truncations  lacking  amino  acids 
beyond  positions  400,  765,  920,  or  1121,  respectively, 
but  did  bind  a  GRIP1  fragment  containing  amino  acids 
920-1291  and,  more  weakly,  to  a  fragment  containing 
amino  acids  1282-1462.  In  contrast,  the  LBD  bound  all 
C-terminal  truncations  that  contained  intact  NR  boxes 
(1-765;  1-920;  1-1121),  but  failed  to  bind  either  C- 
terminal  GRIP1  fragment.  As  predicted,  theAB  domain 
bound  to  a  GRIP1  NR  box  mutant  (boxes  II  and  III 
mutated)  efficiently,  and  the  LBD  bound  this  molecule 
only  weakly.  Experiments  using  GST-GRIP1  frag¬ 
ments  also  indicated  that  GRIP1  sequences  down¬ 
stream  of  amino  acid  1121,  and  especially  sequences 
1121—1282,  were  needed  for  ER  binding  (data  not 
shown).  These  results  confirm  that  AF-1  recognizes 
GRIP1  at  a  site  that,  most  likely,  lies  between  amino 
acids  1121  and  1462  and  is  distinct  from  the  NR  box 
cluster.  Amino  acids  1121-1282,  which  contribute 
most  to  AF-1  binding,  overlap  a  glutamine  rich  (Q-rich) 


domain  that  is  conserved  throughout  the  pi  60  family 
(26). 

We  then  confirmed  the  location  of  the  putative 
GRIP1  AB  domain-binding  site  in  a  yeast  two-hybrid 
system  (Fig.  5D).  A  GAL4-AB  fusion  protein  weakly 
enhanced  transcription  of  a  GAL4-responsive  /3- 
galactosidase  gene  in  yeast,  relative  to  the  levels  of 
transcription  obtained  with  the  GAL4-DBD  alone  (data 
not  shown).  This  is  consistent  with  previous  studies 
indicating  AF-1  is  weakly  active  in  yeast  cells  (12). 
ER_AF_1  activity  was  unaffected  by  coexpression  of 
the  GAL4  acid  activation  domain  (GAL-AD),  but  was 
enhanced  by  coexpression  of  GAL4-AD/full-length 
GRIP1  or  SRC-la  fusion  proteins.  A  GAL-AD/GRIP1 
fusion  protein,  containing  C-terminal  amino  acids 
1121-1462,  also  enhanced  AF-1  activity.  In  contrast,  a 
GAL-AD/GRIP1  fusion  protein  containing  amino  acids 
730-1121  did  not  enhance  AF-1  activity.  Similarly 
GAL-AD  fusions  to  GRIP1  amino  acids  563-1121  and 
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1-766  also  failed  to  enhance  AF-1  activity  (data  not 
shown).  We  stress  that  the  GAL-AD/GRIP1  fusions 
containing  GRIP1  fragments  730-1 121  (20),  563-1 121 , 
and  1—766  (data  not  shown)  all  strongly  enhanced  the 
activity  of  a  GAL-ER-LBD  fusion  protein  in  yeast,  in 
agreement  with  the  fact  that  each  of  these  fragments 
contains  NR  boxes,  and  confirming  that  these  frag¬ 
ments  are  efficiently  expressed  in  yeast  cells.  Thus, 
GRIP1  (and  SRC-1  a)  target  the  GAL4-AD  to  the  AB 
domain  in  yeast,  and  this  activity  is  specifically  reca¬ 
pitulated  by  the  GRIP1  C  terminus.  Furthermore,  both 
the  GST  pull-down  and  yeast  two-hybrid  assays  indi¬ 
cate  that  the  C-terminal  region  of  GRIP1  is  the  only 
region  that  interacts  with  the  ER-AB  domain  in  these 
systems. 

AF-1  Function  Requires  the  GRIP1  C  Terminus 

We  next  tested  whether  the  GRIP1  C  terminus  was 
needed  for  AF-1  activity  in  mammalian  cells.  We  co¬ 
expressed  GAL4-AB  or  GAL4-LBD  fusion  proteins 
with  either  wild-type  GRIP1,  a  GRIP1  truncation  that 
cannot  bind  AF-1  (GRIP-A1121C),  or  a  GRIP1  mole¬ 
cule  with  NR  box  mutations  (NR  box  mutant)  (Fig.  6A). 
The  GRIP1  truncation,  GRIP-A1 121C,  was  completely 
deficient  for  AF-1  enhancement,  but  showed  in¬ 
creased  AF-2  enhancement  relative  to  wild-type 
GRIP1.  In  contrast,  the  GRIP1  NR  box  mutant  strongly 
enhanced  AF-1  activity,  but  failed  to  enhance  AF-2 
activity.  Thus,  GRIP1  needs  an  intact  C  terminus  to 
enhance  AF-1,  but  this  region  is  dispensable  for 
GRIP1  enhancement  of  AF-2.  Furthermore,  NR  boxes 


II  and  III  are  not  needed  for  GRIP1  enhancement  of 
AF-1  activity. 

We  then  asked  how  the  GRIP1  truncation  (A1121C) 
would  affect  the  activity  of  full-length  ER  (Fig.  6B).  For 
these  experiments  we  used  a  promoter  that  shows 
some  tamoxifen  activation  in  the  absence  of  exoge¬ 
nous  pi  60s  (ERE-II-LUC;  Fig.  6B,  inset).  As  expected, 
GRIP-A1121C  enhanced  the  action  of  the  estrogen- 
liganded  ER  at  the  ERE-II-LUC  promoter,  although  this 
response  was  somewhat  lower  than  that  obtained  with 
wild-type  GRIP1.  In  contrast,  GRIP-A1121C  elimi¬ 
nated  the  tamoxifen  response  that  was  seen  in  the 
absence  of  exogenous  pi  60s  (see  inset).  A  combina¬ 
tion  of  wild-type  GRIP1  and  GRIP-A1121C  gave  in¬ 
creased  estrogen  response  relative  to  the  responses 
obtained  with  wild-type  GRIP1  cotransfected  with 
empty  expression  vector.  [Note  that  this  enhanced 
estrogen  response  occurs  because  wild-type  GRIP1 
and  the  GRIP-A1121C  truncation  both  activate  iso¬ 
lated  AF-2;  therefore,  this  transfection  contains  more 
coactivator  protein  that  is  capable  of  activating  AF-2 
than  the  transfection  containing  wild-type  GRIP1 
alone].  Nonetheless,  the  tamoxifen  response  that  was 
obtained  with  this  combination  of  coactivators  was 
significantly  reduced  relative  to  wild-type  GRIP1 
alone,  showing  that  the  GRIP-A1 121C  truncation  also 
inhibited  the  enhanced  tamoxifen  response  that  was 
obtained  in  the  presence  of  exogenous  GRIP1 .  We 
conclude  that  the  GRIP1  C  terminus  is  needed  for 
enhancement  of  AF-1  activity  and  that  GRIP-A1 121C 
acts  as  a  dominant  negative  for  tamoxifen  response. 
Because  GRIP-A1121C  is  weakened  in  its  ability  to 
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enhance  estr°gen  response  in  the  presence  of  full- 
en9  »  yet  strengthened  in  its  ability  to  enhance 
isolated  AF-2,  we  also  suggest  that  the  GRIP1  C  ter¬ 
minus  is  needed  for  AF-1/AF-2  synergism. 

GRIP1  Is  a  Weak  Activator  of  ER/3  AF-1 

Previous  observations  have  suggested  that  ER/3,  un¬ 
like  ER(«),  shows  little  activity  in  the  presence  of  ta¬ 
moxifen  (60,  61).  We  therefore  examined  the  role  of 
pi  60s  in  ER/3  function.  Wild-type  GRIP1  strongly  en¬ 
hanced  the  activity  of  unliganded  and  estrogen-ligan- 
ded  ER/3  (Fig.  7A),  consistent  with  similar  results  that 
were  obtained  with  SRC-1  (60),  but  only  weakly  in¬ 
creased  the  activity  of  tamoxifen-liganded  ER/3.  In  par¬ 
allel,  GRIP1  markedly  increased  the  activity  of  tamox¬ 
ifen-liganded  ER(a)  and  failed  to  affect  the  activity  of 
an  ER  truncation  lacking  of  the  AB  domain  (ERAAB). 
Thus,  ER/3  lacks  an  efficient  AF-1  activity  that  re¬ 
sponds  to  GRIP1 . 

We  then  compared  binding  of  in  vitro  translated  ERs 
to  GST-GRIP1  fusion  proteins  (Fig.  7B).  A  GRIP1  frag¬ 
ment  overlapping  the  NR  boxes  (563-1121)  bound 
ER/3,  but  only  in  the  presence  of  estrogen  and  not 
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Fig.  7.  GRIP1  Is  a  Weak  Activator  of  ER/3  AF-1 
A,  GRIP1  action  on  ER/3.  We  tested  the  effect  of  GRIP1 
upon  ERE-coll-CAT  expression  in  the  presence  of  CMV- 
driven  expression  vectors  for  human  ER/3,  ER  (a),  or  an  ER 
lacking  an  AB  domain  (ERAAB).  B,  The  GRIP1  C  terminus 
binds  ER  constitutively.  Autoradiograms  of  in  vitro  translated 
full-length  ER/3  or  ER  (a)  retained  on  glutathione  beads 
coated  with  GST-GRIP1  fragments  (563-1121  and  1121- 
1462)  in  the  presence  of  ethanolic  vehicle,  tamoxifen,  or 
estradiol. 


tamoxifen.  In  contrast,  a  GRIP1  C-terminal  fragment 
(1121-1462)  bound  weakly  to  ER/3  but  strongly  to  the 
ER(«)  control.  As  expected,  ERAAB  also  showed 
markedly  reduced  binding  to  this  C-terminal  fragment 
(data  not  shown).  Thus,  the  strength  of  the  interaction 
of  the  C  terminus  of  GRIP1  with  the  two  isoforms  of  ER 
parallels  the  ability  of  GRIP1  to  potentiate  the  activity 
of  either  tamoxifen-liganded  ER/3  or  ER(a).  This  result 
further  underlines  the  importance  of  the  interactions 
between  the  ER(a)  AB  domain  and  the  GRIP1  C 
terminus. 


DISCUSSION 

AF-1  Works  by  Binding  p160s 

This  paper  presents  evidence  that  describes  a  direct 
target  for  the  ERa  AF-1  function.  We  find  that  AF-1 
activity,  in  the  context  of  tamoxifen-liganded  ER  or  the 
isolated  AB  domain,  is  strongly  enhanced  by  overex¬ 
pression  of  pi  60s  and  CBP/p300  and,  somewhat 
weakly,  by  overexpression  of  P/CAF.  We  find  that  the 
AB  domain  binds  GRIP1  and  SRC-1  a.  Furthermore,  a 
similar  extended  region  of  the  AB  domain  is  required 
for  GRIP1  potentiation  of  AF-1  activity  in  vivo  and  for 
GRIP1  binding  in  vitro.  We  were  also  able  to  identify  a 
GRIP1  truncation  that  does  not  bind  the  AB  domain 
and  acts  as  a  specific  dominant  negative  for  tamox¬ 
ifen-liganded  ER,  either  in  the  absence  of  exogenous 
pi  60s  or  the  presence  of  overexpressed  GRIP1.  We 
therefore  propose  that  AF-1  action  requires  a  pi  60/ 
P300  complex  and  that  direct  contacts  with  pi  60s  are 
essential  for  recruitment  of  this  complex.  Our  study 
complements  a  recently  published  study  which  shows 
that  microinjection  of  anti-pi  60  or  anti-CBP  antibod¬ 
ies  block  tamoxifen  response  in  cells  (HepG2)  where 
AF-1  activity  is  high  (62). 

GRIP1  strongly  enhances  independent  AF-1  activ¬ 
ity.  In  the  absence  of  GRIP1,  however,  AF-1  largely 
serves  to  synergize  with  AF-2.  We  suggest  that  AF-1/ 
pi  60  interactions  may  also  play  a  role  in  AF-1/AF-2 
synergism.  ER  N-terminal  deletions  have  similar  ef¬ 
fects  on  estrogen  response  in  the  absence  of  GRIP1 
and  tamoxifen  activation  in  the  presence  of  GRIP1. 
Likewise,  box  1  (amino  acids  41-64),  which  is  respon¬ 
sible  for  tamoxifen  activation  in  breast  cells  (44),  is 
needed  both  for  AF-1/AF-2  synergism  in  the  absence 
of  GRIP1  and  tamoxifen  activation  in  the  presence  of 
GRIP1.  Finally,  the  GRIP1  truncation  (A1121C),  which 
does  not  bind  the  AB  domain,  does  not  potentiate  the 
activity  of  estrogen-liganded  ER  as  strongly  as  wild- 
type  GRIP1,  yet  potentiates  the  activity  of  isolated 
AF-2  better  than  wild-type  GRIP1  (Fig.  6).  Thus,  GRIP- 
A1121C  is  defective  for  potentiation  of  independent 
AF-1  activity  and  AF-1/AF-2  synergism.  Together 
these  results  suggest  that  the  ability  of  AF-1  and  AF-2 
to  bind  separate  surfaces  of  the  same  coactivator  is 
important  for  the  ability  of  these  transactivation  func¬ 
tions  to  synergize. 
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While  we,  and  others  (62),  have  readily  detected 
protein-protein  interactions  between  ER  AF-1  and 
pi  60s,  two  other  groups  failed  to  do  so.  One  set  of 
authors  failed  to  see  interaction  between  AF-1  and 
TIF-2  in  a  yeast  two-hybrid  system  (22).  In  that  study, 
rather  than  full-length  TIF-2  fused  to  the  GAL-AD,  the 
authors  used  a  TIF-2  fragment  spanning  amino  acids 
624-1288.  Another  set  of  authors  failed  to  see  inter¬ 
actions  between  mouse  AF-1  and  SRC-1  in  GST  pull- 
downs  (30).  While  we  have  no  explanation  for  this 
discrepancy,  we  note  that  the  second  set  of  authors 
did  see  that  a  C-terminal  fragment  of  SRC-1,  which 
overlaps  the  O-rich  domain,  bound  full-length  mouse 
ER  in  an  AF-2-independent  manner.  We  speculate  that 
this  interaction  may  be  similar  to  the  one  that  we  have 
described  in  this  paper. 

The  idea  that  both  AF-1  and  AF-2  directly  bind 
pi  60s  may  account  for  several  unexplained  observa¬ 
tions.  First,  AF-1  can  compensate  for  weak  AF-2  mu¬ 
tations  (13).  This  could  be  explained  if  AF-1/p160  con¬ 
tacts  assist  weakened  AF-2  interactions  with  pi  60s. 
Indeed,  the  ability  of  AF-1  to  mask  AF-2  mutations  is 
lost  in  AB  domain  truncations  that,  we  now  know,  lack 
the  ability  to  bind  GRIP1.  Second,  AF-1  and  AF-2 
squelch  each  others  activity  (51).  This  could  be  ex¬ 
plained  if  AF-1  and  AF-2  were  both  able  to  bind  and  to 
sequester  limiting  target  pi  60s  molecules.  Third,  free 
ER-LBD  can  enhance  the  activity  of  isolated  AF-1  in 
trans  (53).  This  could  be  explained  if  the  LBD  binds  the 
NR  boxes  of  pi  60s  that,  themselves,  are  bound  to 
AF-1 .  Fourth,  it  has  been  previously  shown  that  SRC-1 
enhances  the  ability  of  tamoxifen-liganded  ER  to  ac¬ 
tivate  the  C3  complement  promoter  in  CV-1  cells  (58). 
This  could  be  explained  if  SRC-1  were  simply  enhanc¬ 
ing  AF-1  activity.  Finally,  our  results  may  explain  why 
tamoxifen  behaves  as  a  complete  antagonist  of  ER/3 
action  at  EREs  (60,  61).  GRIP1  potentiates  the  activity 
of  tamoxifen-liganded  ER/3  weakly  and  the  GRIP1  C- 
terminus  binds  ER/3  weakly.  The  lack  of  ER/3-AF-1 
activity  may  reflect  poor  interaction  between  ER/3  and 
the  GRIP1  C  terminus. 

GRIP1  Action  and  GRIP1  Binding  Are  Mediated 
By  A  Similar  Region  of  AF-1 

In  this  study  we  asked  which  regions  of  the  AB  domain 
were  needed  for  GRIP1  stimulation  of  AF-1  activity 
and  for  direct  GRIP1  binding  by  the  AB  domain.  We 
found  marked  similarities  between  AF-1  and  the  pi  60- 
binding  unit.  First,  a  similar  extended  region  of  the  AB 
domain  is  required  for  GRIP1  activation  (amino  acids 
41-129)  and  GRIP1  binding  (amino  acids  38-116). 
Second,  box  1  (amino  acids  41-64),  which  is  also 
required  for  tamoxifen  response  in  breast  cells  (44),  is 
important  for  both  GRIP1  activation  and  GRIP1  bind¬ 
ing.  Third,  the  kinase  target  residue  serine  1 18  is  dis¬ 
pensable  for  both  GRIP1  action  and  GRIP1  binding. 
Lastly,  sequences  toward  the  C  terminus  of  the  AB 
domain  inhibit  both  GRIP1  activation  and  GRIP1  bind¬ 
ing.  These  results  strongly  suggest  that  GRIP1  activa¬ 


tion  of  AF-1  is  mediated  by  GRIP1  binding.  We  spec¬ 
ulate  that  this  extended  region  of  the  AB  domain  forms 
a  folded  AF-1  structure  that,  like  AF-2  (19a),  contains 
pi  60-binding  residues  along  the  length  of  its  primary 
sequence.  Our  data  particularly  implicate  box  1  in 
GRIP1  activation  and  GRIP1  binding.  While  we  favor 
the  possibility  that  box  1  contains  residues  that  con¬ 
tact  GRIP1 ,  it  remains  possible  that  mutations  in  box  1 
are  particularly  deleterious  to  overall  AF-1  structure.  It 
will  be  important  to  identify  and  mutate  specific  resi¬ 
dues  on  the  surface  of  the  folded  AF-1  structure  to 
fully  define  the  pi  60-binding  site. 

The  fact  that  a  large  region  of  the  AB  domain  is 
required  for  GRIP1  action  raises  the  question  of 
whether  AF-1  might  bind  other  target  proteins.  Our  in 
vitro  binding  studies  reveal  that  sequences  within  box 
1  are  absolutely  required  for  GRIP1  binding  (Fig.  4),  yet 
ERs  with  deletions  of  box  1  (A41-64;  n87,  Fig.  3)  retain 
17-29%  of  the  GRIP1  -induced  tamoxifen  response. 
One  explanation  for  this  discrepancy  is  that,  because 
transcriptional  activity  was  determined  in  the  presence 
of  AF-2,  then  residual  interaction  between  GRIP1  and 
the  LBD  masks  the  phenotypes  of  the  AF-1  deletions. 
Alternatively,  the  AF-1  mutants  might  fold  differently  in 
vivo  and  in  vitro.  More  interestingly,  if  regions  of  AF-1 
downstream  of  box  1  make  contacts  with  other  con¬ 
stituents  of  the  coactivator  complex,  such  as  p300  or 
P/CAF,  then  transfected  GRIP1  might  stimulate  AF-1 
activity  through  these  intermediate  proteins,  even  in 
the  absence  of  its  own  binding  site. 

Two  other  lines  of  evidence  point  to  the  existence  of 
alternate  AF-1  targets.  While  the  AF-1  phosphorylation 
sites  themselves  are  dispensable  for  GRIP1  action, 
they  are  needed  for  AF-1  activity  under  conditions  of 
MAP  kinase  stimulation  (Refs.  45  and  46  and  W.  J. 
Feng,  P.  Webb,  J.  Li,  M.  Karin,  J.  D.  Baxter,  and  P.  J. 
Kushner,  manuscript  submitted).  This  suggests  that 
the  AF-1  phosphorylation  sites  make  contacts  with 
other  proteins.  The  existence  of  a  subregion  of  the  AB 
domain  that  inhibits  GRIP1  action  is  also  suggestive. 
Previous  reports  have  indicated  that  tamoxifen-  ligan- 
ded  ER  binds  the  corepressors  N-COR  and  SMRT  (63) 
and  that  the  overall  level  of  activity  of  tamoxifen-ligan¬ 
ded  ER  is  regulated  by  the  levels  of  corepressors  (58, 
62,  64,  65).  Indeed,  one  group  has  shown  that  ER/ 
corepressor  interactions  involve  serine  118  (64).  We 
are  exploring  the  possibility  that  the  inhibitory  region  of 
the  AB  domain  binds  corepressors. 

The  GRIP1  C  Terminus  Is  Needed  for 
AF-1  Activity 

AF-1/GRIP1  interaction  requires  sequences  at  the 
GRIP1  C  terminus  and  especially  sequences  that  over¬ 
lap  the  Q-rich  domain.  This  region  is  conserved  within 
the  pi  60  family,  suggesting  that  it  may  also  be  in¬ 
volved  in  the  interaction  of  other  pi  60s  with  the  AB 
domain.  The  exact  nature  of  the  AF-1-  binding  site  in 
the  GRIP1  c  terminus  is  likely  to  be  complex.  While  the 
Q-rich  domain  is  essential  for  strong  AF-1  binding,  a 
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GRIP1  fragment  (1282-1462),  which  is  downstream  of 
the  Q-rich  region,  also  binds  weakly  to  AF-1 .  Thus,  the 
AF-1 -binding  site  may  be  spread  across  a  large  region 
of  GRIP1.  We  also  find  that  the  AB  domain  readily 
binds  free  GRIP1  in  GST  pull-down  assays,  but  the 
reciprocal  interaction  between  tethered  GRIP1  and  the 
free  AB  domain  is  weak  (data  not  shown).  We  do  see 
strong  hormone-independent  binding  of  full-length  ER 
to  the  GRIP  C  terminus  in  GST  pull-down  assays  (Fig. 
8B),  and  this  binding  requires  the  AB  domain  (data  not 
shown).  Thus,  contributions  from  the  rest  of  the  ER 
molecule  assist  AF-1/GRIP1  interactions.  One  expla¬ 
nation  for  this  phenomenon  is  that  interaction  between 
the  GRIP1  C  terminus  and  ER-AF1  requires  receptor 
dimerization  functions,  as  does  interaction  between 
the  pi  60  NR  box  region  and  ER-AF2  (30).  Another 
explanation  is  that  the  ER  DBD-LBD  region  contrib¬ 
utes  weak  GRIP1  contacts  that  help  stabilize  the 
AF-1/GRIP1  interaction.  We  are  actively  investigating 
these  possibilities. 

Our  work  does  not  address  whether  AF-1  binding  is 
the  only  role  of  the  GRIP1  C  terminus  in  AF-1  activity. 
Recent  studies  have  suggested  that  transcription  fac¬ 
tors  may  bind  the  same  coactivator,  but  require  dif¬ 
ferent  functions  within  that  coactivator  (66,  67).  It  is 
therefore  possible  that  AF-1  and  AF-2  bind  pi  60s  but, 
at  the  same  time,  require  different  pi  60  functions.  TIF2 
(the  human  homolog  of  GRIP1)  has  two  independent 
transactivation  functions,  ADI  and  AD2  (22).  ADI, 
which  binds  CBP/p300,  lies  downstream  of  the  AF-2- 
binding  site  (NR  boxes)  in  the  middle  of  the  pi  60 
molecule.  Intriguingly,  AD2,  whose  target  is  unknown, 
lies  downstream  of  the  AF-1 -binding  site  within  the 
TIF2  C  terminus.  Likewise,  pi  60  HAT  activity  (26,  39), 
which  is  dispensable  for  AF-2  (66,  67),  maps  to  the 
same  pi  60  Q-rich  region  that  is  involved  in  AF-1  bind¬ 
ing.  Finally,  SRC-1  a  contains  an  inhibitory  function 
within  its  C  terminus  (30).  A  GRIP1  (A1121C)  trunca¬ 
tion  activated  isolated  AF-2  better  than  wild-type 
GRIP1 ,  suggesting  that  the  GRIP1  C  terminus  may 
also  contain  inhibitory  sequences.  AF-1  action  could 
specifically  require  any  of  these  C-terminal  GRIP1 
functions. 

The  Choice  Between  AF-1/AF-2  Synergism  and 
Independent  AF1  Activity  May  Be  Regulated 
by  pi  60s 

GRIP1  enhances  the  ability  of  AF-1  to  work  indepen¬ 
dently  of  AF-2.  This  suggests  a  simple  hypothesis  to 
explain  why  AF-1  synergizes  with  AF-2  in  some  cells, 
but  works  independently  in  others.  We  propose  that 
the  relatively  weak  AF-1/p160  contacts  ordinarily  sup¬ 
port  the  stronger  interaction  of  the  ER-LBD  with 
pi  60s,  and  this  explains  why  AF-1  synergizes  with 
AF-2.  At  increased  pi  60  levels,  however,  AF-1 /pi  60 
contacts  become  sufficient  to  recruit  pi  60s  indepen¬ 
dently.  Thus,  the  balance  between  AF-1 /AF-2  syner¬ 
gism  and  AF-1  independent  activity  would  be  regu¬ 
lated  by  pi  60  levels.  In  a  sense,  the  behavior  of  AF-1 


in  this  model  is  analogous  to  the  previously  described 
behavior  of  weak  AF-2  mutations  that  reduce  GRIPi 
binding,  and  whose  phenotype  is  suppressed  at  high 
levels  of  GRIPI  (19a,  68). 

It  was  previously  suggested  that  the  agonist/antag¬ 
onist  behavior  of  tamoxifen  in  breast  cells  is  influenced 
by  cell-specific  differences  in  factors  that  interact  with 
subregions  of  the  AB  domain,  such  as  box  1  (44).  The 
results  presented  here  suggest  that  those  factors  are 
pi  60  proteins.  It  is  known  that  pi  60  levels  are  in¬ 
creased  in  certain  breast  and  ovarian  cancers  because 
one  of  the  pi  60  genes,  AIB1,  lies  in  an  area  of  the 
genome  that  is  commonly  amplified  in  tumors  (27).  We 
have  previously  examined  the  properties  of  ERE-coll- 
CAT  in  MCF-7  and  MDA-MB-453  breast  cells  that,  we 
now  know,  contain  amplified  AIB1  (55).  In  accordance 
with  our  latest  hypothesis,  we  found  strong  AF-1  ac¬ 
tivity.  The  similarity  between  the  behavior  of  AF-1  in 
MDA-MB-231  cells  (53)  and  HeLa  cells  in  the  presence 
of  GRIPI  (present  paper)  may  suggest  that  MDA-MB- 
231  cells  also  contain  amplified  AIB1.  It  will  be  inter¬ 
esting  to  test  how  pi  60  overexpression  might  affect 
the  tamoxifen  or  estrogen  responsiveness  of  genes 
with  different  promoter  architectures,  such  as  spaced 
half-sites  (69)  or  AP-1  sites  (55),  whose  transcription 
may  correlate  better  with  estrogen  and  antiestrogen 
effects  on  growth. 


MATERIALS  AND  METHODS 


Mammalian  Reporter  Genes  and  Expression  Vectors 

ERE-COII60-CAT  (55),  ERE-II-LUC  (61),  MTV(ERE)-LUC  (70), 
and  ERE-tata-CAT  (14)  have  been  previously  described.  The 
GAL4-responsive  reporter  gene  GK1  contains  five  GAL4  re¬ 
sponse  elements  upstream  of  a  minimal  adenovirus  El  b  pro¬ 
moter  that  has  been  previously  described  (68)  but,  for  the 
purposes  of  these  studies,  was  moved  into  a  pUC  vector 
backbone  devoid  of  the  pUC  API  site  (71). 

ER  expression  vectors  have  been  previously  described. 
For  ease  of  comparison,  we  have  given  ER  expression  vec¬ 
tors  a  consistent  nomenclature.  The  previous  names  and 
sources  of  each  construct  are  as  follows:  SG5-ER  =  HEG0; 
SG5-ERV400  -  HE0  (57);  n21;  n41  =  E41;  n87  =  A87; 
n109  =  Ml 09;  ERAAB;  A41-64;  A87-108  (44),  n101  = 
HE302;  nl  17  =  HE303;  n50/141c  =  HE344/368;  A129-178  = 
HE316  (43).  MORAAF-1  =  mOR121-599;  MORmAF-2  = 
mORL543A,L544A;  MORAAF-1 /mAF-2  =  MOR121-599/ 
543A.L544A  (13). 

Coactivator  expression  vectors  (GRIPI,  RAC3,  SRC-1  a, 
RIP-140,  p300,  CBP,  and  P/CAF)  have  each  been  previously 
described  (24,  29,  33-35,  39,  72). 

Cell  Culture  and  Transfection 

HeLa  cells  were  maintained  and  transfected  as  previously 
described  (55).  Unless  otherwise  indicated,  the  transfections 
contained  5  jug  CAT  or  luciferase  reporter,  1  /xg  pJ3  /3- 
galactosidase  control,  1  fj.g  ER  expression  vector,  and  5  /ig 
coactivator  expression  vector.  Cell  lysates  were  prepared 
20-40  h  after  transfection  and  CAT,  luciferase,  and  /3-galac- 
tosidase  assays  were  performed  using  standard  methods 
(55).  In  each  case  CAT  and  luciferase  activities  were  cor¬ 
rected  for  variations  in  transfection  efficiency  using  the  j8- 
galactosidase  activity. 


MOL  ENDO  •  1998 
1616 


Vol  12  No.  10 


GST-Fusion  Proteins 


GST-AB  and  GST-LBD  fusions  have  been  previously  de¬ 
scribed  (55).  GST  AB  truncations  were  prepared  by  amplifi¬ 
cation  of  AB  sequences  with  standard  PCR  methods  and  the 
resulting  fragments  were  cloned  in  frame  into  pGEX-5x-1 
using  appropriate  restriction  sites.  GST-AB  fragment  1-67 
was  prepared  by  digesting  GST-AB  with  Notl  and  self-ligat- 
ing  Fragment  65-184  was  prepared  by  cloning  the  excised 
A/ofl  fragment  from  GST-AB  into  pGEX-5X-2. 

_Bie  GST-GRIP1  fragments  were  amplified  by  standard 
PCR  methods  and  cloned  into  pGEX-2TK  (563-1121)  as  a 
BamHI/EcoRI  fragment  or  pGEX-4T1  (1121-1462)  as  a 
EcoH\/Xho\  fragment. 


In  Vitro  Translation  Vectors 

GRIP1 ,  GRIP1  NR  mutant,  and  SRC-1  a  transcription/trans- 
lation  vectors  have  been  previously  described  (29  39)  GRIP1 
C-terminal  truncations  (400,  765,  920)  were  prepared  by  re¬ 
striction  digestion  and  run-off  transcription/translation.  The 
GRIP1  C-terminal  truncation  A1121C  was  prepared  by  di¬ 
gesting  full-length  GRIP1  with  Xho\  and  Xba\  and  inserting  a 
comparable  fragment  from  an  original  partial  GRIP1  cDNA 
clone  730-1121  (20).  GRIP1  fragments  920-1291  and  1282- 
1462  were  prepared  by  standard  PCR  methods.  In  both 
cases,  the  5' -oligonucleotide  used  for  amplification  con¬ 
tained  an  in-frame  Kozak  consensus  sequence.  These  frag¬ 
ments  were  inserted  into  pSG5  between  the  Eco Rl  and 
BamH\  sites. 


Protein-Binding  Assays 

/cfT”pUl1  downs  were  performed  as  previously  described 
(55).  Production  and  use  of  competitor  peptides  and  yeast 
two-hybrid  assays  are  described  elsewhere  (29).  For  these 
studies  a  cDNA  fragment  coding  for  the  ER-AB  domain  (ami¬ 
no  acids  1-184)  was  PCR  amplified  and  cloned  into  the 
EcoRI/BamHI  sites  of  pGBT9  (CLONTECH,  Palo  Alto,  CA). 
GRIP1  and  SRC-1a/GAL4-AD  fusions  were  also  previously 
described  (29).  y 
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